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Abst rgc t 
The ob jec t ive  of t h i s  study i s  t o  determine experimentally the 
e f f e c t  of f a s t  neutron and e l ec t ron  induced de fec t s  on the  d i f fus ion  
p rope r t i e s  of l i th ium i n  s i l i con .  
a t i n g  l i th ium di f fused  diodes and subsequently applying a reverse  b i a s  
t o  the  junct ion at  a constant temperature. 
The e f f e c t  was determined by i r r a d i -  
Experimental r e s u l t s  show t h a t  f a s t  neutron and 0.9 MeV e lec t ron  
More- induced vacancies provide s i t e s  f o r  t he  p r e c i p i t a t i o n  of l i thium. 
over, the  l i th ium vacancy p r e c i p i t a t e  behaves l ike a so lu t e  i n  equ i l ib -  
rium ions and ionized vacancies. 
p r e c i p i t a t e  i n  t h i s  fashion is analogous t o  the  ana lys i s  of s l i g h t l y  
so luble  salts i n  water. 
The ana lys i s  of the l i th ium vacancy 
The l i th ium d i f fus ion  coe f f i c i en t  f o r  s i l i c o n  exposed t o  f a s t  
= 1.1 t o  2.7 x 1014 neutrons/cm2, can be expressed neutrons,  
2 
I) = 7.0 x 10 l 2  e4*83’kT cm /sec . 
The range of (T) i n  the  above expression is from 30O0 t o  41OOK. 
It a l s o  w a s  shown t h a t  t he  motion of l i th ium i n  s i l i c o n  w a s  not 
a f f ec t ed  by slow neutron i r r ad ia t ion .  
I n  addi t ion ,  the l i thium d i f fus ion  c o e f f i c i e n t  f o r  s i l i c o n  
2 exposed t o  0.9 MeV e l ec t rons ,  
can be represented by 
- 5 x 1015 t o  3.3 x 10l6 electrons/cm , 
vii 
. .  
18 I D =  2.1 x 10 
NE 
The range of T in the above expression is 
Relative radiation damage between 
2 -1.03/kT e cm /sec . 
from 300' to 330OK. 
neutrons and electrons was 
found t o  be in reasonable agreement with predictions based on radiation 
damage theory. 
CHAPTER I 
INTRODUCTION 
Sol id  s t a t e  de tec tors  have become indispensable i n  the  detect ion 
and study of nuclear rad ia t ion .  Successful f ab r i ca t ion  and operation of 
these de tec tors  is  dependent on t h e  p u r i t y  and qua l i ty  of s ing le  c r y s t a l  
s i l i c o n  and germanium. For junction and surface b a r r i e r  de tec tors ,  the  
r ad ia t ion  sens i t i ve  thickness of the de tec tor  is d i r e c t l y  proport ional  
t o  the  one half  power of r e s i s t i v i t y  of the  s i l i c o n  o r  germanium. The 
purest  n-type de tec tor  grade s i l i con  ava i lab le  at present  has a r e s i s -  
t i v i t y  of 10,000 ohm-centimeter. Detectors constructed of t h i s  material 
are su i t ab le  f o r  heavy charged p a r t i c l e s ,  but do not have s u f f i c i e n t  
s ens i t i ve  thickness t o  be employed i n  e lec t ron  or gamma spectrometry. 
The process of d r i f t i n g  l i th ium i n  s i l i c o n  t o  produce highly com- 
With the  pensated regions of high r e s i s t i v i t y  w a s  developed by P e l l .  
use of l i thium d r i f t e d  s i l i c o n ,  de tec tors  can be developed t h a t  a r e  
su i t ab le  f o r  e l ec t ron  and gamma spectrometry. The d r i f t i n g  procedure is  
accomplished by the appl icat ion of  areverse b i a s  t o  an n-p s i l i c o n  junc- 
t i o n  i n  which the n-side is  l i thium doped by d i f fus ion ,  and the p-side 
i s  doped with acceptor atoms. 
t r i c  f i e l d  the l i thium w i l l  move ( d r i f t )  from the  n-side of the junct ion 
t o  the  p-side.  As it d r i f t s  the l i thium w i l l  i n t e r a c t  with the  
Under the inf luence of t h e  appl ied elec- 
1 
. .  
2 
s u b s t i t u t i o n a l l y  bound acceptor atoms and produce a region of very high 
compensation. The l i thium d r i f t i n g  technique can be employed t o  c rea t e  
p-i-n de t ec to r s  o r  provide mater ia l  f o r  surface b a r r i e r  
3,4,5,6,7,8,9 de tec to r s .  
The increased s e n s i t i v i t y  of t h e  l i th ium d r i f t  de tec tor  i s  accom- 
The increased 
1 0 , n  
panied by g r e a t e r  s u s c e p t i b i l i t y  t o  r ad ia t ion  damage. 
s u s c e p t i b i l i t y  i s  due t o  la rger  s e n s i t i v e  volume and the  l o w  electric 
f i e l d s  employed.* The operating b i a s  vol tage  of the  l i th ium d r i f t e d  
de t ec to r s  i s  l imited by the  noise level of t h e  de tec tor  s ince  motion of 
l i th ium and thermal noise a t  high reverse b i a s  c rea t e s  a poor s igna l  t o  
noise r a t i o .  The above f ac to r s  w i l l  be co r re l a t ed  with r ad ia t ion  damage 
s u s c e p t i b i l i t y  i n  subsequent discussion. 
Inves t iga t ion  of t he  r ad ia t ion  damage i n  l i th ium d r i f t e d  detec- 
t o r s  has been performed with e lec t rons ,  gamma rays ,  neutron, proton, 
deuteron, and alpha p a r t i c l e s .  10y11’12’13 I n  a l l  cases the  damage w a s  
evident by t h e  increase i n  noise l eve l ,  decrease i n  c a r r i e r  l i f e t ime  and 
decrease i n  de t ec to r  resolving power and c o l l e c t i o n  e f f i c i ency .  Exten- 
s ive  bombardment w i l l  render t h e  de tec tor  inoperable. 
The operation of a semiconductor de t ec to r  i s  similar t o  t h e  oper- 
a t i o n  of an ion iza t ion  chamber. Two c o l l e c t o r s ,  t h e  n- and p-sides of 
the  junction, are separated by a depleted region of high r e s i s t i v i t y .  
Incident r a d i a t i o n  i n  t h e  depleted region creates electron-hole p a i r s  
The reverse b i a s  applied t o  l i th ium d r i f t e d  de t ec to r s  is  t y p i -  * 
tally a few hundred v o l t s  compared t o  a few thousand v o l t s  f o r  non- 
l i th ium d r i f t e d  de t ec to r s .  
3 
which are swept t o  t h e  p- and n-side of the  junct ion by an applied 
reverse  b ias .  This rapid accumulation of charge produces the  de tec tor  
output s igna l .  Radiation damage i n  the  depleted region i s  produced when 
incident  rad ia t ion  c rea t e s  vacancies and i n t e r s t i t i a l s  which i n  t u r n  act 
as e l ec t ron  and hole t r aps .  The t r a p s  reduce the  carrier, e l ec t ron  o r  
hole ,  l i f e t ime .  It i s  obvious when the  t rapping length f o r  electrons 
and holes  becomes less than the deplet ion width a l l  of the  charge i s  not 
co l l ec t ed  and the  de tec tor  has poor reso lu t ion .  
t o r s  with l a rge r  deplet ion widths are consequently more suscept ible  t o  
r ad ia t ion  damage. 
Lithium d r i f t e d  detec- 
The co l l ec t ion  e f f ic iency  of a p-i-n junct ion de tec tor  can be 
10 
expressed as follows: 
I n  the  above expression p represents  the  mobil i ty  of the  car- 
r i e r ,  7 i s  the carrier l i fe t ime,  E i s  the  f i e l d  s t r eng th  i n  the  
depleted region, and w denotes the  width of the depleted region. For a 
la rge  co l l ec t ion  e f f ic iency ,  7) , the  trapping length,  P7E, must 
be much l a rge r  than the  depleted region width, w.  
Methods t o  reduce the rad ia t ion  damage have not been s i g n i f i -  
can t ly  successful .  Scot t  found t h a t  masking the edges of the  de tec tor  
from incident  r ad ia t ion  reduced i t s  s e n s i t i v i t y  t o  damage. I n  addi- 
t i o n ,  de tec tors  kept under reverse b i a s  were damaged less than de tec tors  
12 
1 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
8 
I 
I 
1 
I 
I 
II 
I 
4 . .  
exposed without b i a s .  
found the threshold f o r  de t e r io ra t ion  of response t o  occur a t  10 
alphas/cm . 
and res tored  t o  t h e i r  o r i g i n a l  condition even a f t e r  exposure t o  10 
alphas/cm . Radiation defects i n  s i l i c o n  a r e  r e l a t i v e l y  s t a b l e  a t  
temperatures below 200°C. Since Mann r e d r i f t e d  de t ec to r s  between 135 
and 150"C, thermal annealing of t he  de fec t s  is unlikely.  The e f f e c t i v e  
annealing must be due t o  a lithium-defect i n t e rac t ion .  
Mann i r r ad ia t ed  l i th ium d r i f t e d  de t ec to r s  and 
8 
2 
He a l s o  demonstrated t h a t  t h e  de t ec to r s  could be r e d r i f t e d  
12 
2 13 
15 
It i s  e s s e n t i a l  t o  inves t iga te  the  d i f fus ion  and mobili ty of 
l i th ium i n  s i l i c o n  i n  order t o  comprehend the  parameters involved i n  the  
s e l e c t i o n  of material f o r  su i t ab le  s o l i d  state de tec to r s .  Furthermore, 
i t  i s  necessary t o  analyze lithium-defect i n t e rac t ions  i n  order  t o  eval-  
ua te  the  performance of l i thium d r i f t e d  de tec tors .  
When l i th ium i s  introduced i n t o  s i l i c o n  a shallow donor l e v e l  
0.33 ev below the  conduction band i s  c rea ted .  Lithium ions are small 
(0.68 A) and e a s i l y  jump between i n t e r s t i t i a l  sites as shown by i t s  
la rge  d i f fus ion  c o e f f i c i e n t .  The mobili ty of l i th ium i n  s i l i c o n  i s  
c r i t i c a l l y  dependent on the number and type of impur i t ies .  
of lithium-acceptor i n t e rac t ions  i n  s i l i c o n  w a s  performed by R e i s s ,  e t  
a l ,  who demonstrated t h a t  the l i th ium i n t e r a c t s  e l e c t r o s t a t i c a l l y  with 
t h e  impur i t ies ,  forming ion  pa i r s  t h a t  are immobile (cont ras ted  with 
unpaired lithium) and hence reduce t h e  e f f e c t i v e  d i f fus ion  c o e f f i c i e n t  
of l i th ium i n  s i l i c o n .  
0 
The ana lys i s  
16 
J u s t  as impur i t ies  i n  semiconductors d r a s t i c a l l y  a f f e c t  t h e  
mobili ty of l i thium, defec ts  also have a pronounced e f f e c t  on the  
. .  5 
movement of l i thium i n  s i l i c o n .  I n i t i a l  s tud ie s  on the  in t e rac t ion  of 
impur i t ies  and d is loca t ions  i n  semiconductors employed copper ions i n  
s i l i c o n  and germanium. 
about d i s loca t ion  l i n e s  and concluded t h a t  t h e  copper p r e c i p i t a t e d  a t  
vacancy sites generated by such d i s loca t ions .  
cussed i n  Chapter 11. 
17 , 18 , 19,20,21 
Dash found that copper accumulated 
This process w i l l  be d i s -  
R e s i s t i v i t y  s tud ie s  on s i l i c o n  and germanium sa tu ra t ed  with l i t h -  
i u m  showed t h a t  the  k i n e t i c s  of l i th ium p r e c i p i t a t i o n  a t  vacancy sites 
22,23 
The p r e c i p i t a t i o n  of l i th ium a t  
312 followed an exp(time) law.  
r ad ia t ion  induced vacancies i n  s i l i c o n  w a s  f i r s t  reported by Vavilov e t  
al. Upon e l ec t ron  and neutron i r r a d i a t i o n  of s i l i c o n  sa tu ra t ed  
wi th  l i thium, Smirnova and Chapnin, with t h e  use of H a l l  measurements, 
noted changes i n  the  rate of production of various energy levels and 
a t t r i b u t e d  the  lack of generation of acceptor energy l e v e l s  i n  the  range 
0.05 t o  0.23 ev above t h e  valence band due t o  t h e  p r e c i p i t a t i o n  of 
1 it hium. 
26,27 
14 
24 Diffusion i n  s o l i d s  can take place v i a  defec ts  i n  t h e  c r y s t a l .  
I r r a d i a t i o n  of s i l i c o n  increases the  number of defec ts  which acce le ra t e  
t h i s  d i f fus ion  process, but Lomer demonstrated t h a t  t h i s  increased 
mobi l i ty  is  a microscopic phenomena and not genera l ly  de tec tab le  with 
macroscopic d i f fus ion  measurements. 25 
The l i th ium d i f fus ion  coe f f i c i en t  has been measured i n  i n t r i n s i c  
and boron doped s i l i c o n  with ion  d r i f t  techniques 28s29 and it  has been 
shown t h a t  t he  d i f fus ion  coe f f i c i en t  is reduced i n  doped s i l i c o n  because 
immobile lithium-boron p a i r s  are formed. 
6 
I 
I 
t 
I 
The quan t i t a t ive  e f f ec t  of s i l i c o n  defec ts  on l i th ium mobili ty 
Attempts have been made t o  c o r r e l a t e  has not been determined t o  date.  
t he  d i f fus ion  coe f f i c i en t  w i t h  d i s loca t ions  introduced during c r y s t a l  
growth. However, t h i s  method was unsuccessful because the  d is loca t ions  
29 
w e r e  not i s o t r o p i c a l l y  d i s t r ibu ted .  
The purpose of t h i s  work i s  t o  determine the  l i th ium d i f fus ion  
c o e f f i c i e n t  i n  i r r a d i a t e d  s i l i c o n  and t o  study t h e  lithium-vacancy i n t e r -  
a c t i o n  which reduces the lithium mobili ty.  I r r a d i a t i o n  of s i l i c o n  with 
fast neutrons o r  high energy e lec t rons  produces i s o t r o p i c a l l y  d i s t r i b -  
uted vacancies. 
Lithium i n  i r r a d i a t e d  s i l i c o n  w i l l  e i t h e r  form p a i r s  (P) with 
t h e  vacancies, o r  p r e c i p i t a t e  (S) a t  t h e  vacancy s i t e s .  Both of these  
i n t e r a c t i o n s  w i l l  reduce the  lithium mobili ty i n  s i l i c o n .  
With ion d r i f t  techniques, t he  mobili ty of l i th ium i n  s i l i c o n  
can be measured and the  f r ac t ion  of l i th ium ions paired (P/N) o r  the  
f r a c t i o n  p rec ip i t a t ed  (S/N) can be found from the  r a t i o  of t h e  l i th ium 
mobi l i ty  i n  i r r a d i a t e d  s i l i c o n  t o  the  l i th ium mobili ty i n  i n t r i n s i c  
s i l i c o n  (see Chapter 11). 
Lithium-vacancy p a i r s  and lithium-vacancy p r e c i p i t a t e  have d i f -  
Both of these  r e l a t i o n s  can be expressed f e r e n t  equilibrium r e l a t i o n s .  
i n  terms of (P/N) o r  (S/N). It is  poss ib le  t o  determine whether t he  
l i th ium p a i r s  o r  p r e c i p i t a t e s  by evaluating the  equilibrium expressions 
wi th  measured values of (P/N) and (S /N) .  This i s  done i n  Chapter I V .  
CHAPTER I1 
GENERAL THEORY 
A .  Ion iza t ion  of Impur i t ies  i n  
Semiconductors 
This s ec t ion  describes t h e  s i m i l a r i t y  between the  ac t ion  of 
impur i t ies  i n  semiconductors and t h e  ac t ion  of ac ids  and bases i n  water. 
The expressions f o r  ion iza t ion  and equilibrium are presented along with 
the  conditions necessary f o r  t h i s  analogy t o  hold. 
When l i th ium i s  introduced i n t o  s i l i c o n  it ionizes  i n  a way s i m -  
i l a r  t o  t h e  ion iza t ion  of a weak base i n  w a t e r .  Complete ion iza t ion  
occurs i f  the  s i l i c o n  is not sa tura ted  with l i thium. The following 
ion iza t ion  equations can be wr i t t en  f o r  lithium and boron atoms i n  
s i l i c o n  : 
4 
+ (2) B(Si) B- + e 
+ 
I n  t h e  above equations Li(Si)  represents atomic l i th ium i n  s i l i c o n ,  L i  
represents  ionized l i th ium i n  s i l i con ,  and e 
a t ed  by the  ion iza t ion .  
boron, and ionized boron atom, and a hole l i b e r a t e d  by the  boron 
ion iza t ion .  
- 
denotes an e l ec t ron  l i b e r -  
Similarly,  B(Si),  B-, and e+ represent atomic 
7 
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Lithium i n  s i l i c o n  i s  analogous t o  a base i n  water s ince  it  
l i b e r a t e s  an e l e c t r o n  which corresponds t o  a hydroxyl ion, OH'. 
i s  analogous t o  an ac id  because i t  l i b e r a t e s  a hole,  e+, which has prop- 
ert ies s i m i l a r  t o  t he  hydronium ion, H+. 
t i v e  desc r ip t ion  of the  semiconductor-water analogy. 
Boron 
Appendix A gives a quant i ta -  
For example, f o r  weak ac ids  and bases in water 
NH~OH m4+ + OH- (3) 
According t o  the  l aw of mass ac t ion ,  the  equilibrium r e l a t i o n  
1 
f o r  t h e  ion iza t ion  of ammonium hydroxide i s  
+ i n  which ["q 1, [OH-], and [NHWH], a r e  the  concentrations of t he  ammo- 
nium ion, the hydroxide ion, and the ammonium hydroxide, respec t ive ly .  
The equilibrium constant,  K, i s  independent of t h e  concentration of 
ammonium hydroxide and dependent only on temperature. 
S imi la r ly ,  the  equilibrium r e l a t i o n  f o r  t he  ion iza t ion  of l i t h -  
ium is  s i l i c o n  is 
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The t o t a l  concentration of l i t h i u m ,  NLi, i s  equal t o  the  concentration 
of t h e  atomic l i th ium and the ionized lithium, i . e . ,  NLi = Li+ + L i ( s i )  . 
With t h i s  r e l a t i o n  equation (6) becomes, 
'Li 
- [~i+] I:e-1 
[NLi-Li + ] 
(7) 
I f  K L i  is  a t r u e  equilibrium constant,  it must be independent of 
t he  l i th ium concentration. This can be shown with t h e  use of Fermi 
s ta t i s t ics .  
a l l y  the  dens i ty  of e l ec t rons  in  the  donor level f o r  a semiconductor 
ma te r i a l .  
The concentration of atomic lithium, [NLi - ~ i + ] ,  i s  actu- 
I n  equation ( 8 ) ,  ED is t h e  energy of the  l i th ium donor l eve l ,  % i s  t h e  
Fermi l eve l ,  k is  t h e  Boltzmann constant and T i s  t h e  absolute 
temperature. 
The t o t a l  dens i ty  of  e lec t rons  i n  the  conduction band i s  
I n  t h e  above equation a is  the dens i ty  of l e v e l s  of energy E i n  t h e  
conduction band. It should be noted a t  t h i s  po in t  t h a t  EF, t he  Fermi 
l e v e l ,  depends on ENLi - Li+] and [ e - ] .  
j j 
The Fermi l e v e l  is  dependent on 
10 
t h e  concentration of l i thium i n  t h e  semiconductor and cannot be present 
i n  t h e  f i n a l  expression fo r  RLi. 
The un i ty  i n  each of t h e  Fermi dens i ty  expressions can be con- 
s ide red  small compared t o  the exponential terms i f  t he  assumption i s  
made t h a t  % and E 
t h e  donors are almost completely ionized. 
are much la rger  than %. Phys ica l ly  t h i s  means t h a t  s 
Rearranging equation (10) , t he  expression f o r  the concentration 
o f  ionized l i t h ium atoms becomes 
[~i+] 
Again neglecting the  term -2eEdk* e-ED!m because (EF - E$ i s  la rge  
and negative,  equation (12) reduces t o  
F i n a l l y ,  s u b s t i t u t i n g  equations ( lo ) ,  (11) , and (13) i n t o  equa- 
t i o n  (7), t he  equilibrium expression f o r  t h e  ion iza t ion  of l i th ium i n  
s i l i c o n  becomes 
K L i  
. -  
11 
. 
The equilibrium constant, KLi, does not contain %, hence is 
independent of the  concentration of l i thium. 
ED a r e  constants  a l s o  independent of concentration. 
KLi given i n  equation (14) is  va l id  under the  condi t ion t h a t  the  ioniza- 
t i o n  of t he  donors and acceptors i s  near ly  complete. 
The quan t i t i e s  E aj ,  and 
j '  
The expression f o r  
The hole  l i be ra t ed  by the ion iza t ion  of a boron atom and the  
e l ec t ron  l i be ra t ed  by the  ionizat ion of a l i thium atom a l s o  a r e  i n  
e qu i  l i b r  i u m  . 
+ - 
e + e  [e+e-] 
This corresponds t o  the  equilibrium of H. and OH' i n  water. 
4 H+ + OH- - [ $OH-] 
Applying the  law of mass ac t ion ,  equation (7), t o  the  l i thium 
ioniza t ion ,  the  equilibrium 
- Li(Si) - Li+ + e  
w i l l  be dr iven t o  the  r i g h t  due t o  the  removal of e' by the formation of 
[e+e-]. 
reduced, [ Li+] must increase.  
e+, the  s o l u b i l i t y  of l i th ium in  s i l i c o n  w i l l  increase due t o  the  pres-  
For KLi t o  remain constant,  see  equation (7), when [e'] is 
Because the  ion iza t ion  of boron l i b e r a t e s  
ence of boron. 
ins tead  of boron, the  s o l u b i l i t y  of l i th ium w i l l  decrease because the  
ion iza t ion  of phosphorus l i be ra t e s  an e- dr iving the  l i thium ioniza t ion  
Conversely, i f  phosphorus is  present  i n  the  s i l i c o n  
t o  the  l e f t .  
In summary of the discussion regarding the ionization of impuri- 
ties, consider all of the equilibrium reactions discussed i n  t h i s  sec- 
tion, equation (18), in terms of transitions on an energy level diagram, 
Figure 1. 
- 
Li+ + e 0 Li(Si) 
+ 
+ B- + e  Q B(Si) Z Z ?  
+ -  
e e  
As shown in Figure 1, transition 0 between the lithium donor 
levels and the conduction band corresponds to the ionization of lithium. 
Transition @ corresponds to the ionization of boron and transition @ 
represents hole-electron recombination and generation. 
B. Ion Pairing 
This section develops the relevant relations for lithium-boron 
pairing. The equilibrium constant, K 
in microscopic quantities, equation (41), or in macroscopic quantities, 
equation (23 ) .  
for an ion pair can be described 
P’ 
Experimentally measured values of P/N can be used to 
B . *  
I ** 
1 
I 
8 
1 
8 
13 
Conduction Band 
Li Levels ----- 
I lo 
B Levels ------ -e---- 
TsD Valence Band 
----- 
F i g .  1.0-An energy band diagram -31: s i l i con  ahawing the 
equilibrium relatione a, (p and 0. 
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f i n d  K wi th  equation (23) .  
c l o s e s t  approach of t h e  ion p a i r  can be ca lcu la ted  using equation (41). 
After 5 is  found, (a ) ,  t h e  d is tance  of 
P 
The formation of an ion p a i r  can be represented as follows: 
+ B’ - .--) [ Li+B’] + L i  
N, # l i th ium ions N, # boron ions P, # ion  pairs 
3 cmj c m  3 cm 
A mass ac t ion  r e l a t i o n  can be w r i t t e n  f o r  the above equilibrium 
I f  [Li+B’] by comparison t o  an e l e c t r o l y t e  i n  w a t e r ,  see equation (5).  
i s  represented by [PI, then 
The t o t a l  number of  l i th ium ions, N, i s  equal t o  the  number of pa i red  
p lus  t h e  number of unpaired l i thium ions .  S imi la r ly ,  the  t o t a l  number 
of boron ions,  N, i s  equal t o  the number of pa i red  p lus  t h e  number of 
unpaired boron ions.  
i s  equal t o  t h e  t o t a l  number of boron ions.  
Also assume t h a t  t h e  t o t a l  number of l i th ium ions 
N = L i  + + P  i N = B - + P  (21) 
+ The q u a n t i t i e s  [Li  ] and [B’] can be eliminated from equation (20) with 
equation (21) .  
n 
i 
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= I c p  cpl [ N - P I 2  
Equation (23) describes the  equilibrium constant,  Kp, i n  terms 
of t h e  f r ac t ion  of ions paired,  P / N .  
2 Microscopic ana lys i s  of ion pair ing was done by Bje r rum,  
3 4 
FUOSS, and Reiss. The work by k i s s  i s  the  most r igorous;  however, 
the  equations derived by the  Bjerrum-Fuoss theory a r e  easier t o  manage. 
The d i f fe rence  between the  Reiss and Bjerrum-Fuoss ana lys i s  is  minor 
except i n  the  range of very high P2OO"C) o r  very low (<O"C) tempera- 
t u re s .  Since t h i s  set of experiments w a s  conducted i n  the  temperature 
range 30°C t o  lOO"C, the  Bjerrum-Fuoss theory w i l l  be applied.  
A t  the  equilibrium i n  a s i l i c o n  medium containing equal concen- 
t r a t i o n s  of pos i t ive  l i thium and negative boron ions,  each boron ion  
w i l l  have another ion  as  a nearest  neighbor a t  a dis tance ( r )  away. L e t  
g(x)dx be the  p robab i l i t y  that a nearest  neighbor l ies i n  the  s h e l l  
4 7 J x  dx about t h e  boron ion. 
the  volume 4 V r  /3, about t he  boron ion, must be devoid of ions,  and 
the s h e l l  4 77 r2dr  must be occupied by a l i thium ion.  
the  p robab i l i t y  t h a t  a nearest  neighbor l i e s  i n  the  s h e l l  4 f l x  dx, t he  
probabi l i ty  t h a t  a nearest  neighbor does not l i e  i n  t h i s  s h e l l  is 
2 If the nearest  neighbor is  a l i thium ion, 
3 
Because g(x)dx i s  
2 
. .  
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3 1 - g(x)dx. 
by t h e  following equation, 
The p robab i l i t y  that the volume 477 r /3  is  empty is  given 
r 
E ( r )  = 1 - I g(d& (24) 
I n  the  above equation, (a) i s  the  d i s tance  of neares t  approach of t h e  
two ions.  
The p robab i l i t y  t h a t  the s h e l l  4 f l r 2 d r  i s  occupied by a l i thium 
ion  depends on t h e  concentration of l i th ium ions a t  ( r ) .  
t i o n  w i l l  exceed the  normal concentration, N, by an amount depending on 
(r), because of t h e  coulomb attractive force  between the  l i th ium and the  
boron. If t h e  concentration of t he  l i th ium ions at ( r )  is  given by 
p ( r )  , t he  p robab i l i t y  i n  question becomes, 
This concentra- 
F ina l ly ,  t he  p robab i l i t y  t h a t  the nearest  neighbor i s  a l i th ium ion i n  
the  s h e l l  4 V  r2d r  i s  a product of equations (24 )  and (25).  
The so lu t ion  t o  t h e  above i n t e g r a l  i s  obtained as follows: 
. .  
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Subs t i t u t e  I = g ( x ) d x  i n t o  equation (27). s 
Rearrange t h e  above equation and mult iply by an in tegra t ing  
f ac to r  e 4 1  
2 p(r)dx +' I 4 a r  p(r)e 
( 2 9 )  
The following r e l a t i o n  i s  obtained from equation (29) by combin- 
dI e 
dr 
-
ing the  d i f f e r e n t i a l  on the  left  s ide  of the  expression and in tegra t ing .  
The constant of in tegra t ion ,  C, i s  evaluated a t  r = a ,  where I = 0. Con- 
4 n  6' x2p(x)dx and d i f f e r e n t i a t e  t o  Multiply equation (30) by e sequently, (C) equals -1. 
obta in  the following so lu t ion  t o  equation (27) 
The quant i ty  p( r )  must be determined t o  evaluate g ( r ) .  
be accomplished by assuming coulomb in t e rac t ion  between a p a i r  of near- 
est neighbors. 
This can 
In t e rac t ion  between the  next nearest  neighbor is 
18 
ignored. The coulomb energy of the  lithium-boron p a i r  i s  
- s2/@ 
i n  which 
l i th ium and boron ion. The concentration of t he  l i th ium ion, according 
t o  Boltzmann's law,  at  a distance ( r )  from t h e  boron ion  i s  
is t h e  s i l i c o n  d i e l e c t r i c  constant and q is  the  charge of the  
p ( r )  = A exp(q2/gmr) 
k = Boltzmann's constant ( 3 3 )  
The constant (A) i n  equation (33) is  found t o  equal (N) by applying the  
boundary condition t h a t  p(r)  must equal (N) a t  la rge  (r) .  Equation ( 3 3 )  
then can be w r i t t e n  
The f i n a l  expression f o r  t h e  probabi l i ty  t h a t  a l i th ium nearest  neighbor 
i s  i n  the  volume s h e l l  4W r2d r  about a boron ion  i s  obtained by subs t i -  
t u t i n g  equation ( 3 4 )  i n t o  equation (31). 
The func t ion  g( r )  gives t h e  f r a c t i o n  of l i t h ium neares t  neigh- 
2 bors t h a t  l i e  i n  the  sphe r i ca l  s h e l l  of volume 4 T r  d r  about a boron 
ion. A p l o t  of g( r )  i s  shown i n  Figure 2, where (a) represents  t he  
g ( r )  
Fig. 2.--Equilibrium distribution of lithium nearest neighbors 
about a boron ion. 
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d i s t ance  of c l o s e s t  approach between t h e  l i th ium and t h e  boron ion. 
p a i r s  are defined as a l l  sets of neighbors separated by less than d i s -  
tance (b) apa r t .  
Ion 
To relate K t o  microscopic quan t i t i e s ,  a d i l u t e  so lu t ion  must P 
be considered. I n  t h i s  case t h e  number of l i th ium and boron ions, N, i s  
small and t h e  number of p a i r s , P ,  tends toward zero. 
becomes 
Equation (22) 
= Kp P - 
N2 
or 
= N $  
P 
N' 
- 
The f r a c t i o n  of pai red  ions,  P/N, i s  also given by t h e  
express ion  ; 
(36) 
(37) 
Subs t i t u t ion  of equation (35) in to  equation (38) y i e lds  the  following 
expression f o r  the  f r a c t i o n  of  ions that a r e  pa i red ;  
(39) Wr2N exp ( q2/@Tr) ex*[ -4nN x2exp ( q2/)tkTx)dx ] dr E =  P Ir lr 
For small (N) t he  exponential f a c t o r  containing the  i n t e g r a l  i n  
4 
equation (39) can be replaced by un i ty .  
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- N P r2exp(q*/lfkTr) dr 
The equilibrium constant i s  obtained by combining equations (37) and 
(40) 
To ca l cu la t e  (a) it i s  necessary t o  know (K ) .  The equilibrium 
The f r a c t i o n  
P 
constant can be found fromP/N as shown i n  equation (23). 
i ons  pa i red ,  P/N, i s  found from the experimentally determined l i th ium 
mobi l i ty  i n  t h e  following manner: 
i s  obtained from da ta  is explained i n  sec t ion  D.) 
(The method by which l i th ium mobili ty 
The o v e r a l l  mobili ty,  , of the  l i th ium ions i n  s i l i c o n  i s  
given by equation (42) if it i s  assumed t h a t  t h e  pa i red  ions represent 
n e u t r a l  complexes t h a t  are innnobile because the boron ions are subs t i t u -  
t i o n a l l y  bound i n  t h e  s i l i c o n  c r y s t a l  l a t t i c e .  
o r  
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I n  the  above equation, i s  t h e  mobili ty of t he  unpaired l i th ium 
ions ,  and @ i s  the  mobili ty of the  p a i r s ,  which i s  assumed t o  be 
zero.  From equation (42) 
The f r a c t i o n  of pa i red  l i th ium ions i n  boron doped s i l i c o n  can 
be ca lcu la ted  from the  r a t i o  of t h e  l i thium mobili ty i n  boron doped 
s i l i c o n  t o  the  l i th ium mobili ty i n  i n t r i n s i c  s i l i c o n .  
A t  a constant temperature P/N can be ca l cu la t ed  from a r a t i o  of 
+ t h e  l i th ium d i f fus ion  c o e f f i c i e n t s  s ince  D = e 
P/N = 1 - D/D' 
(45) 
T o  determine whether or not l i th ium p a i r s  with an i r r a d i a t i o n  
induced vacancy, P/N i s  p l o t t e d  versus N (see equation 23), 
(1 - P/N) 
using values of P/N ca lcu la t ed  from da ta  obtained wi th  i r r a d i a t e d  
samples .  Since K is  a constant,  t h i s  p l o t  must be l i n e a r  i f  t h e  l i t h -  
i u m  p a i r s  with the  vacancy. I f  t h e  p lo t  i s  not l i n e a r ,  t he  l i th ium does 
P 
not p a i r  with the  vacancy. This c a l c u l a t i o n  i s  performed i n  Chapter I V .  
I 
I 
I 
1 
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C . Lithium-Vacancy P rec ip i t a t ion  
I n  t h i s  sec t ion ,  the relevant r e l a t i o n s  (equations 47 and 54) 
f o r  lithium-vacancy p rec ip i t a t ion  are developed by comparison t o  an 
inso luble  sal t  i n  water. 
Lithium i n  s i l i c o n  can be considered as a so lu t ion  i n  which 
l i th ium ions are f r e e  t o  move from one i n t e r s t i t i a l  s i t e  t o  another. An 
ion  moving i n t o  a s i l i c o n  vacancy, t r a p s  an e l ec t ron ,  becomes atomic 
l i th ium and i s  immobile. 
i n  a so lu t ion  containing chlorine ions.  The s i t u a t i o n s  are not i den t i -  
cal because the  s i l i c o n  vacancies are immobile so t he  lithium-vacancy 
p r e c i p i t a t e ,  does not m o v e  but remains suspended i n  t h e  c r y s t a l  lat t ice.  
This i s  s i m i l a r  t o  t h e  p r e c i p i t a t i o n  of s i l v e r  
I n  both cases the  p r e c i p i t a t e  is i n  equilibrium with the  ions, 
I n  the  above expression it i s  assumed t h a t  only one l i th ium pre- 
5 
c i p i t a t e s  a t  each vacancy s i te .  
The s o l u b i l i t y  product is  an expression which descr ibes  the  ion  
concentrations f o r  p a r t i a l  ion iza t ion  of AgC1. 
1 
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Equation (49 )  describes the  l i thium ion concentration i n  terms 
of a s o l u b i l i t y  product. 
[ Li+ I[ D- 3 = K, 
Equations (48 )  and (49 )  describe sa tura ted  so lu t ions .  
+ Any a l t e r a t i o n  of the ion concentrations [ L i  ] or [D'], r e s u l t s  
i n  a spontaneous readjustment o f  the  equilibrium by d isso lu t ion  o r  pre- 
c i p i t a t i o n  so t h a t  the  ion concentration product remains constant.  The 
equi l ibr ium constant Ks is  a constant dependent only on temperature. 
The quant i ty  NLi i s  defined as t h e  t o t a l  number of l i th ium atoms, 
both ionized and p rec ip i t a t ed ,  and ND is the  t o t a l  number of vacancies,  
both ionized and associated with l i th ium atoms. 
N~ = Li+ + s 
- D- + S ND (51) 
Subs t i tu t ion  of equations (50) and (51) i n t o  equat-an (49 )  
y ie lds  the r e s u l t ,  
I n  a region where the  number of l i th ium atoms and number of 
vacancies i s  equal,  equation (52) can be reduced t o  
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Ks 
NLi 
- [ N - S ] *  
N - = ND 
Rearrangement of equation (53) r e s u l t s  i n  t h e  following expression: 
(53) 
To evaluate t h i s  model, S/N, t h e  f r a c t i o n  of l i th ium prec ip i -  
t a t e d ,  must be determined. Th i s  is  accomplished i n  the  same manner as 
d iscussed  previously (see equations 44 and 45). I f  t he  p r e c i p i t a t e  is  
assumed immobile, t h e  o v e r a l l  mobility of t he  l i th ium i n  s i l i c o n  with 
r a d i a t i o n  induced vacancies w i l l  be 
The f r a c t i o n  of lithium atoms p rec ip i t a t ed  i s  ca l cu la t ed  from 
t h e  r a t i o  of mobili ty of lithium i n  i r r a d i a t e d  s i l i c o n ,  , t o  t he  
mobi l i ty  of t h e  l i th ium i n  uni r rad ia ted  s i l i c o n ,  . 
I n  terms of d i f fus ion  coe f f i c i en t s  
. .  
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To determine whether or  not l i th ium p r e c i p i t a t e s  a t  a vacancy 
si te,  (1 - S/N) is p lo t t ed  versus 1 / N  (see equation 54) using values 
of S/N ca l cu la t ed  from da ta  obtained with i r r a d i a t e d  samples. 
i s  a constant,  t h i s  p l o t  must be l i n e a r  i f  t h e  l i th ium p r e c i p i t a t e s  a t  
the  vacancy sites. I f  t he  p lo t  i s  not l i n e a r ,  t he  l i th ium does not pre- 
c i p i t a t e  a t  t h e  vacancy sites. 
Chapter I V .  
1 
Since Ks 
This  ca l cu la t ion  i s  performed i n  
D .  Determination of Lithium Ion Mobili ty 
The l i th ium mobili ty i n  s i l i c o n  must be known i n  order t o  calcu- 
This s ec t ion  describes the  method used t o  
1 
late P/N, Kp, a, S/N, and Ks. 
f i nd  the  mobility. 
mobi l i ty  can be ca lcu la ted  f r o m t h e  measured capacitance of a s i l i c o n  
diode. The diode capacitance is p l o t t e d  as (10 /C) versus d r i f t  t i m e  
and the  de r iva t ive  of t h i s  curve provides the predominate f a c t o r  i n  
equation (83). 
An expression i s  derived, equation (83), by which the  
3 2  
The ion ic  mobili ty of  l i thium can be determined from t h e  d r i f t  
(motion) of l i th ium ions i n  an e l e c t r i c  f i e l d .  The e l e c t r i c  f i e l d  i n  a 
p-n junc t ion  under reverse b ias  is  high and it might be surmised t h a t  
t he  motion of l i th ium ions would be observable i f  it were present i n  a 
p-n junction. 
s ide)  and l i th ium as the  donor (n-side), the  junction region is  an area 
6 where the  number of l i thium ions i s  equal t o  the  number of boron ions.  
I f  a diode is prepared using boron as the  acceptor (p- 
A diode can be formed by d i f fus ing  l i th ium i n t o  boron doped 
s i l i c o n .  
a r a t i o n  w i l l  be discussed i n  Chapter 111.) 
(Details of t he  method of diode cons t ruc t ion  and c r y s t a l  prep- 
The dependence of t he  
. -  
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l i th ium concentration, NLi, on space and t i m e  within the c r y s t a l  i s  
expressed by the  d i f fus ion  equation; 
I) = d i f - s i o n  coef,,cient 
Equation (59) i s  a so lu t ion  t o  equation (58) f o r  t he  following 
conditions:  
7 
1. The l i th ium concentration a t  t h e  surface of t h e  c r y s t a l  remains 
constant throughout the  d i f fus ion  period, and equal t o  No. 
The c r y s t a l  is i n s t a n t l y  heated t o  a temperature T ,  f o r  a period 
of time to. 
A t  t i m e  to t h e  crystal is  i n s t a n t l y  cooled t o  ambient tempera- 
t u re .  
The d i f fus ion  coe f f i c i en t  a t  temperature T is  Do. 
2 .  
3 .  
4. 
5. The c r y s t a l  i s  considered a semi- inf in i te  s o l i d .  
6. The d is tance  (x) i s  measured from the  surface of the  c r y s t a l  
inward. 
1 
= N erfc[x/2(D t >'I NLi 0 0 0  
( 5 9 )  
Figure 3 is a p l o t  of equation (59) and i l l u s t r a t e s  t he  l i th ium 
d i s t r i b u t i o n  a f t e r  t he  i n i t i a l  d i f fus ion .  
When a reverse b i a s  i s  placed across the diode (at a d r i f t  tem- 
pera ture  much lower than the  i n i t i a l  d i f f u s i o n  temperature), t he  
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Lithium or Boron 
Con ce n t rat ion 
Surface of Crystal 
Fig. 3.--Lithium distribution (&) in s i l i con after an i n i t i a l  
diffusion period to. 
i n  the s i l icon.  
The quantity NB represents the boron concentration 
29 
e l e c t r o s t a t i c  f i e l d  present i n  the  space charge region near (x,) w i l l  
exe r t  a force tending t o  move  the pos i t i ve ly  charged l i th ium ions from 
the  n-side of t he  junc t ion  t o  the p-side. 
In t he  junc t ion  a rea  the motion of lLthium due t o  d i f fus ion  is 
neg l ig ib l e  compared t o  t h e  motion of t h e  l i th ium due t o  the  e l e c t r o -  
s ta t ic  f i e l d :  
8 
The la rge  e l e c t r o s t a t i c  f i e l d  e x i s t s  only i n  the  region where 
2 NLi is  approximately equal t o  NB and the  number of l i th ium ions per c m  
d r i f t e d  across  the  junc t ion  i n  t i m e  t ,  i s  expressed by 
As l i th ium d r i f t s  across t h e  junction i t s  concentration t o  the  
l e f t  of (x,) w i l l  decrease and its concentration t o  the  r igh t  of (x,) 
w i l l  increase.  I n  t h i s  process the  l i th ium w i l l  form ion p a i r s  with t h e  
s u b s t i t u t i o n a l l y  bound boron. 
the  l e f t  of (x,) cannot decrease below NB. 
Figure 4. 
charge causing the  l i th ium ions t o  move i n t o  it u n t i l  t he  number of 
l i th ium ions equaled the  number of boron ions. 
can be ascer ta ined  t h a t  t h e  l i thium ion concentration cannot r i s e  above 
NB t o  the  r i g h t  of (x,). 
It i s  imperative t o  observe t h a t  NLi t o  
This is  i l l u s t r a t e d  i n  
Excess boron ions t o  t h e  l e f t  of (x,) would alter t h e  space 
For t h e  same reason it  
The gradient of t he  l i thium concentration a t  (xl) and (x2) i n  
Figure 4 can be approximated by s t r a i g h t  v e r t i c a l  l i n e s  because of t he  
i . .  
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kLi 
Surface of Crystal 
F i g .  4.--Lithium distribution (NLi) in s i l i c o n  after a period of 
ion d r i f t i n g ,  t . 
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la rge  f i e l d  present between these two points.  The concentration gra- 
d i e n t  i n  t h e  zero f i e l d  region a t  (xl) supplies t h e  l i th ium ions by d i f -  
fus ion  t o  the  d r i f t  region 
D O L i  = E p L i  
The amount of  l i th ium d r i f t e d  i n  t i m e  ( t )  i s  represented by the  
cross-hatched area i n  Figure 4 and the  following expressions 
t E P B d T  = 1 xoNLi dx - [xo - x,]NB 
1 X 
Equation ( 6 5 )  is obtained by s u b s t i t u t i n g  equation ( 5 9 )  i n t o  
equation ( 6 3 ) .  
1 
No erfc[x/2(Doto)'] dx - (xo - xl)NB 
( 6 5 )  
The i n t e g r a l  on the  r i g h t  hand s i d e  of equation ( 6 5 )  can be in t eg ra t ed  
by p a r t s .  The equation f o r  the amount of l i th ium d r i f t e d  i n  t i m e  ( t )  
following t h i s  i n t eg ra t ion  i s  
D 
i 
I 
t 
I 
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For long dr i f t  time the co-error function term i n  equation (66) 
8 
can be expanded as follows: 
2 
-X 
2 
-X . . . . . . . . . . . . . . . . . erfc x = e - - xw (67) 
This expansion reduces equation (66) t o  equation (68). 
a t  
To reduce equation (68) it is  necessary to evaluate NB i n  terms 
of (x,) . 
t ion (67) and applying the boundary condition at  x = xo, NLi - NB. 
This can be accomplished by expanding equation (59)  with equa- 
1 
NLi [ 2 N o ( D o t o ) z / x ~ ]  exp( -x2/4Doto 
I . -  
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Substitution of expression (70) into (68) yields 
(71 1 
2 2  exp[(xo - xl)/4Doto] - 1 
- ( x0 - x1 ," 
I 
If (2) is defined as 2D0t0/x0 , the equation for the amount of lithium 
drifted in time (t) becomes 
A similar expression can be derived for the amount of lithium 
drifted in time (t) utilizing the right half of the junction. 
=-'Z(l -+ 2 e d  (x0 2 2  - x )/4Doto 1 i 2  + x - xo (73) 
x2 
The desired expression for the mobility of lithium in terms of 
junction capacitance can be derived from equations (72) and (73). 
long drift time (t), (several hours), (x2 - xo)>>4Doto. 
dition equation (73) reduces to 
For 
With this con- 
2 2  8 
rt 
If (V) is the reverse voltage applied across the junction and (W) 
is the width of the junction the electrostatic field in the junction is 
given by V/W. 
itF)Pdt = x2 - xo - Z (75 1 
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The following equation a r i s e s  from equating equation (74) t o  
equation (72). 
I 2 2 (Xo/X1 ) exp[ (x: - x1)/4Doto] - 1 + x1 - xo = x2 - xo - Z 
(7 6 )  \ I 
The junct ion width (W) is  equal to  (x2 - XI) so equation (76) becomes 
For long d r i f t  time the junct ion pr imari ly  expands t o  the  r i g h t ,  
8 
consequently xo = xl. 
employing t h i s  approximation 
Taking the logarithm of equation (77) and 
Under the considerat ion t h a t  (xo + xl)/4Doto i s  approximately 
2xo/4Doto and t h a t  2 = 2Doto/xo, equation (78) becomes 
Equation (79) and (75) can be combined t o  el iminate  the  quant i ty  
x .  
0 
I 
1 
I 
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Dif fe ren t i a t ion  of equation (80) wi th  respec t  t o  t i m e  and sub- 
sequent rearrangement y i e lds  a n  expression f o r  t h e  l i th ium mobili ty i n  
terms of the  junc t ion  width and reverse b ias .  
or p = (I+)!& a t  
The capacitance of a junction is  inverse ly  proportional t o  the  
junc t ion  width as shown below 
C k€: ,A  
W 
= the p e r m i t t i v i t y  of s i l i c o n  Eo 
A = area of junc t ion  
I n s e r t i o n  of equation (82) i n t o  (81) y i e lds  an expression f o r  
l i th ium mobi l i ty  i n  terms of junction capacitance.  
I n  t h e  above equation (C) i s  t h e  junc t ion  capacitance measured 
i n  pico-farads, (2) i s  equal t o  2Doto/xo 
i s  t h e  appl ied  reverse  b i a s  measured i n  v o l t s .  
po r t iona l  t o  t h e  junc t ion  a rea  a s  shown below. 
as previously defined, and (V) 
The quant i ty  (X) i s  pro- 
* .  
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X = (k €,A) x lo3 
(84) 
Fina l ly ,  (WA) r epresents  t h e  average width of t h e  junc t ion  during the  
t i m e  t he  slope d ( 1 0  /C) 3 2  was measured and i s  expressed i n  units of 
d t  
( 1 0 ~ 1 ~ ) .  
I n  order  t o  f ind  the  l i thium mobili ty,  t he  junc t ion  capacitance 
2 
(103/C) 
t h i s  curve measured, b(103/C)  . 
must be p lo t t ed  versus the  d r i f t  t i m e ,  ( t),  and the  slope of 
2 
d t  
This concludes t h e  theory sec t ion .  Fur ther  e luc ida t ion  of some 
q u a n t i t i e s  discussed can be found i n  Appendix B, sample ca l cu la t ions .  
I n  p a r t i c u l a r ,  t h i s  app l i e s  t o  the  q u a n t i t i e s  introduced i n  equation 
CHAPTER I11 
EXPERIMENTAL PROCEDURE 
A. Diode Prepara t ion  
This study required the use of s i l i c o n  a s  f r e e  from defec ts  as 
poss ib le .  Previous s tud ie s  indicated t h a t  l i th ium could not be d r i f t e d  
i n  s i l i c o n  having a d is loca t ion  dens i ty  g r e a t e r  than 3 0 , 0 0 O / ~ r n ~ . ~  The 
s i l i c o n  se l ec t ed  f o r  t h i s  study had a boron concentration of 1.6 x 10 14 
atoms/cm 3 (100 ohm-cm) and an  oxygen concentration below 5 x 10 12 
3 atoms/cm . 
To prepare a d i f fused  junction, a s i l i c o n  wafer (20 mm diameter 
x 2 mm th ick)  w a s  f i r s t  lapped t o  remove scra tches ,  then  u l t r a s o n i c a l l y  
cleansed and f i n a l l y  degreased i n  carbon t e t r a c h l o r i d e .  Lithium-in-oil 
suspension w a s  subsequently brushed onto the  lapped sur face  and dr ied  a t  
150°C i n  a d i f f u s i o n  furnace. The wafer was  pushed 
i n t o  the  cen te r  of t h e  furnace (420°C) after the  drying period, and the  
l i th ium di f fused  i n t o  the  c rys t a l .  
from the  furnace and dropped into a beaker of methyl a lcohol  f o r  
quenching. 
(See Figure 5.) 
The wafer w a s  then quickly removed 
The sur face  w a s  again lapped t o  remove p i t s  caused by l i th ium 
di f fus ion .  
sur face  r e s i s t ance  with a two point probe. 
g r e a t e r  than 200 ohms on t h e  n-side were discarded. 
The uniformity of  penetration w a s  evaluated by measuring t h e  
Diodes wi th  r e s i s t ance  
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1 
The two poin t  probe measurements ind ica ted  t h a t  t he  l i th ium w a s  
not d i s t r i b u t e d  uniformly t o  the edge of t he  wafer. For t h i s  reason t h e  
edge por t ion  of t h e  diode w a s  removed by dicing the c r y s t a l  i n t o  four  
small samples which measured 0.25 inches square. (See Figure 6.) 
Nickel contac ts  were applied t o  the  diodes by e l e c t r o l e s s  p l a t -  
2 
i ng  after the d ic ing  operation. 
t r i ch lo re thy lene  w a s  painted on the two s ides  of t h e  sample and allowed 
t o  dry. The n i cke l  on t h e  edges of t h e  diode w a s  removed with a mixture 
of EN03 and Hl? and then the  pro tec t ive  Apiezon wax w a s  removed, complet- 
ing t h e  diode prepara t ion  ( see  Figure 7 ) .  
Next, a so lu t ion  of ApiezonW wax i n  
The small junctions were t e s t e d  ind iv idua l ly  with a reverse b i a s  
of 100 v o l t s .  
w e r e  used i n  t h i s  experiment. 
Diodes wi th  l e s s  than 50 microamperes reverse cur ren t  
B. Neutron I r r a d i a t i o n  
Samples w e r e  neutron i r r ad ia t ed  i n  an empty core pos i t i on  of t he  
Ford Nuclear Reactor f o r  periods of  f i v e  t o  t h i r t y  minutes a t  two mega- 
w a t t s  r eac to r  power l eve l .  
c m  sec and the  cadmium r a t i o  was 10. 
The epithermal f l u x  was  2 x 10l1 neutrons/ 
2 
The diodes were wrapped i n  rubber diaphrams and placed i n  poly- 
ethylene b o t t l e s  that w e r e  ba l l a s t ed  wi th  bismuth metal. Neither t h e  
s i l i c o n  nor the  n i c k e l  contac ts  w e r e  noticeably ac t iva t ed  because of t he  
sho r t  exposure duration and small absorption c ros s  sec t ions  of s i l i c o n  
(0.12 barns) and of n i cke l  (4.6 barns).  
To i s o l a t e  effects produced by thermal neutrons from e f f e c t s  
produced by f a s t  neutrons, i d e n t i c a l  samples were i r r a d i a t e d  with and 
Diced 
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lilicon Wafer 
L c u t t i n g  Lines 
Fig. B,--Dicing the wafer diode. 
m 
Fig. 7.--A prepared lithium diffused'diode. 
‘I 
C .  
4 1  
without a 0.040 inch cadmium cover. 
duced by reac tor  i r r a d i a t i o n  without a cadmium cover and with the  cad- 
mium pro tec tor  w a s  in te rpre ted  t o  be the  e f f e c t s  produced by thermal 
neutrons. 
The difference between changes pro- 
Gold f o i l  technique was used t o  determine t h e  neutron f l u x  i n  
the  reac tor .  
inch thick)  were included in  each sample bo t t l e ,  one with a cadmium 
cover and the  o ther  bare. 
3 x 3 inch Na1:Tl  w e l l  counter. 
t h e  bare and cadmium covered f o i l s  i s  
Two gold f o i l s  (approximately 1/8 inch square by 0.001 
Activation of the  gold w a s  measured with a 
The rate of production of Aulg8, R, f o r  
3 
In t h e  above expression, (C) represents  the  spec i f i c  a c t i v i t y  of 
t h e  gold, corrected fo r  background, and ( f )  i s  the  e f f ic iency  of the  
w e l l  counter (52.2%). I n  the  exponential terms, ( t l )  i s  the reac tor  
exposure time, and ( t2)  denotes t h e  t i m e  i n t e r v a l  between removal of the  
sample from the reac tor  t o  t h e  measuring of the  gold a c t i v i t y .  
( A )  expresses the  decay constant f o r  gold (1.07 x 1 O I 2  hr”) . 
Fina l ly  
From equation (l), the  thermal, , and f a s t ,  $,i 
f luxes  of t he  reac tor  can be calculated.  
RC 
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I n  equations (2) and ( 3 ,  Rb represents  the r a t e  of production 
of Aulg8 i n  the  bare gold f o i l  and Rc denotes the r a t e  of production of  
Aulg8 i n  the cadmium covered f o i l .  The quant i ty  (E ) i s  a f l u x  depres- 
s ion  cor rec t ion  f ac to r ,  ( E = 1.0 f o r  s i l i con )  and % gives the  number 
of nuc le i  i n  the gold f o i l .  The average microscopic cross  sec t ion  over 
t he  thermal por t ion  of the  reac tor  neutron spectrum is given by 
<Ca>+h . Similar ly ,  t h e  e f f ec t ive  microscopic c ross  sec t ion  f o r  
neutrons with energy grea te r  than 0.4 ev ( the cadmium cutof f )  can be 
expressed as  ; 
00 
<a>epi = J hlE 
M . 4  ev 
(4) 
C . Electron I r r ad ia t ion  
Electron bombardment was performed a t  Wright-Patterson A i r  Force 
Base i n  Dayton, Ohio, with a one MeV Van de Graaf generator. Relat ively 
high energy e lec t rons  (0.9 MeV) w e r e  used so t ha t  the f lux  d i rec ted  i n t o  
t h e  diode samples would not vary excessively over a penetrat ion depth of 
about 0.1 111111. 
mm i n  s i l i con .  
Chapter I V .  
The range of the 0.9 MeV e lec t rons  is approximately 1.4 
A dose correct ion f a c t o r  w a s  ca lcu la ted  and presented i n  
Figure 8 ou t l ines  the bombardment technique. 
The s i z e  of the  electron beam w a s  adjusted e l e c t r o s t a t i c a l l y  t o  
the  approximate a rea  of the sample. By employing a Faraday cup, the  
e l ec t ron  f l u x  was f ixed a t  1 x 1017 e lec t rons / (a rea  of diode)-hr so t h a t  
exposure t i m e s  ranged from three t o  twenty minutes. The sample 
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n side 
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--21-. -- --- TI ---- Van de Graaff accelerator = = Electron Beamto. 9 MeV)  
diode 
Fig. 8.--Electron bombardment of the diced diode. 
Arms suspend lower - 
portion of "T" in oil 
Phosphor Bronze cl ip 
\ V 
\Diodes sl ip between clips 
Fig. 9.--Jig designed to  hold several diodes i n  a constant 
temperature bath . 
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c 
temperature rise w a s  l imited to less than 10°C (above room temperature) 
by passing compressed a i r  over the  diode during i r r a d i a t i o n .  
Because of t h e  f i n i t e  range of t he  e l ec t rons  i n  s i l i c o n ,  the 
diodes were bombarded on the  n-side and without n i cke l  contac ts ,  as is  
i l l u s t r a t e d  i n  Figure 8 .  Following the  e l e c t r o n  bombardment, n i cke l  
contac ts  w e r e  applied as outlined previously. 
D. Gamma I r r a d i a t i o n  
Gamma i r r a d i a t i o n  w a s  performed with the  Phoenix P ro jec t  10,000 
The i r r a d i a t i o n  w a s  straightforward with the  diodes 
The dose rate w a s  925 k i lo -  
c u r i e  Co60 source. 
placed i n  the cen te r  of Co60 rod assembly. 
rads per hour and exposure periods ranged from t e n  t o  seve ra l  hundred 
hours. 
E. Lithium D r i f t  and Diode 
Capacitance Measurement 
The f i e l d  present i n  a reverse biased diode is  s u f f i c i e n t  t o  
move the l i th ium ions as described i n  Chapter 11. The movement of the  
ions and the  formation of lithium-vacancy p r e c i p i t a t e  cause t h e  junction 
capacitance t o  decrease. 
respec t  t o  t i m e  provides a method t o  inves t iga t e  t h e  p r e c i p i t a t i o n  
process i n  i r r a d i a t e d  s i l i c o n .  
manner : 
Measurement of the junc t ion  capacitance with 
The da ta  is obtained i n  t h e  following 
To d r i f t  t h e  l l th ium i n  the  junctions,  s eve ra l  w e r e  held i n  a 
constant temperature ba th  of transformer o i l  under reverse b i a s  wi th  a 
j i g  constructed of t e f l o n  and phosphor bronze (see Figure 9) .  The 
. .  45 
transformer o i l  provided a medium f o r  good heat t r a n s f e r  ye t  high elec- 
t r ical  r e s i s t i v i t y .  
applied t o  many diodes with a s ing le  D. C. power supply. 
P a r a l l e l  c i r c u i t r y  allowed a reverse b i a s  t o  be 
The diode capacitance was measured one a t  a t i m e  ou ts ide  the  
bath using a Tektronix d i r e c t  reading bridge and a 90 v o l t  b a t t e r y  t o  
supply the  b ias .  The i n t e r n a l  capacitance of t h e  b a t t e r y  w a s  blocked 
from the bridge so t h a t  i t  d id  not mask the  junc t ion  capacitance. A 
0.5 henry choke i n  series with t h e  b a t t e r y  stopped a l l  but 5% of t h e  
bridge s i g n a l  making it possible t o  balance i t  with the  ba t t e ry  con- 
nected. 
capac i tors  i n  the  range of 5 pf t o  500 p f .  
The bridge w a s  reca l ibra ted  from t i m e  t o  t i m e  with p rec i s ion  
The capacitance of each junc t ion  w a s  measured and recorded 
chronologically f o r  periods up t o  1000 hours. 
i s  presented i n  t h e  following chapter. 
Analysis of t hese  r e s u l t s  
CHAPTER IV 
ANALYSIS AND DISCUSSION OF ReSULTS 
A. Determination of Lithium Mobility i n  
Boron Doped S i l i c o n  
It w a s  r e q u i s i t e  t o  determine t h e  mobil i ty  of l i thium i n  boron 
doped s i l i c o n  not only t o  s e l e c t  material i n  which l i thium boron pa i r ing  
would not  i n t e r f e r e  with t h e  lithium-vacancy p r e c i p i t a t e ,  but t o  insure 
t h a t  t he  r e s u l t s  of measurement and ana lys i s  compared favorably with 
previously reported values  of l i thium mobil i ty .  With t h i s  i n  mind, the 
following r e s u l t s  on boron doped s i l i c o n  are presented.  
3 2  A t y p i c a l  p l o t  of (10 /C) versus d r i f t  t i m e  is given i n  Figure 
11 ( the  con t ro l  sample) f o r  100 ohm-cm boron doped s i l i c o n  d r i f t e d  at  
30°C with a reverse  b i a s  of 100 v o l t s .  The value of the  s lope of the  
-12 2 curved in se r t ed  i n  equation (83) gives  = 8.2 x 10 c m  /vol t -sec 
f o r  the  mobil i ty  of l i th ium i n  the  sample. The d i f fus ion  coe f f i c i en t  
obtained from the  E ins t e in  r e l a t i o n  
LLkT D =  e 
2 i s  D = 2.5 x c m  /sec. The sample, i n  which the  number of boron 
atoms w a s  1.6 x 10 atoms/cm , did not reduce the  l i th ium d i f fus ion  14 3 
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c o e f f i c i e n t  beyond i t s  range of values i n  i n t r i n s i c  s i l i c o n  f o r  tempera- 
This i s  shown i n  Figure 10 with the  l i th ium di f fu-  t u r e s  above 30°C. 
s ion  coe f f i c i en t  for s i l i c o n  containing l a r g e r  amounts of boron. 
Consequently, lithium-boron pa i r ing  w i l l  be considered neg l ig ib l e  com- 
pared t o  lithium-vacancy p r e c i p i t a t e  i n  reducing the  d i f fus ion  
c o e f f i c i e n t .  
192 
3 
The curves for the d i f fus ion  c o e f f i c i e n t  shown i n  Figure 10 con- 
f i r m  the  theory of i on  pa i r ing  developed i n  Chapter 11. 
of the  d i f fus ion  c o e f f i c i e n t  i n  boron doped s i l i c o n  t o  the  d i f fus ion  
c o e f f i c i e n t  i n  i n t r i n s i c  s i l i c o n  a t  t h e  same temperature, t he  f r a c t i o n ,  
P/N, can be ca lcu la ted .  
From t h e  r a t i o  
o r  
P/N = 1 - D/D' (3) 
Af te r  ca l cu la t ing  P/N from equation (3 ) ,  t he  equilibrium con- 
s t a n t  f o r  ion pa i r ing ,  $, can be found from t h e  quot ien t ,  
K - P/N 
P 
N[1 - P/NI2 (4) 
F ina l ly ,  u t i l i z i n g  equation (11-41), t h e  d is tance  of c l o s e s t  approach, 
( a ) ,  can be ca l cu la t ed  f o r  t h e  l i thium boron p a i r .  Results of t h i s  
I 
I 
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Fig.  10.--Effect o f  boron concentration on lithium di f fus ion 
coe f f i c i ent  i n  s i l i c o n .  
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ca lcu la t ion  show t h a t  (a) ranges from 2.5 t o  2.7 A. Calculated values 
of K using equation (11-41) with a = 2.5 compare favorably to  values 
ca lcu la ted  with equation (4) for  a l l  temperatures between 30°C and 
15OOC. 
P 
3 
B. Lithium Mobili ty i n  Neutron 
I r r a d i a t e d  S i l i c o n  
Following neutron i r r ad ia t ion  the  samples were d r i f t e d  a t  var i -  
ous temperatures. I n  general ,  th ree  of the four  diodes cu t  from a 
s ing le  wafer were i r r ad ia t ed  w h i l e  the  four th  w a s  kept f o r  cont ro l .  
r e s u l t s  of a l l  d r i f t  measurements w e r e  discarded i f  the l i thium d i f fu -  
s ion  coe f f i c i en t  ca lcu la ted  from the  con t ro l  sample data  did not f a l l  
within the  range of values  f o r  i n t r i n s i c  s i l i c o n  shown i n  Figure 10. 
The 
3 2  Figure 11 i l l u s t r a t e s  a representa t ive  p l o t  of (10 /C) versus 
d r i f t  t i m e  f o r  neutron i r r ad ia t ed  diodes. 
curve is  typ ica l  and represents  an e f f e c t  caused by vacancies formed i n  
the  immediate junct ion a rea .  The l i thium i n  the junction tends t o  move 
during i r r a d i a t i o n  because of t h e  bu i l t - i n - f i e ld  present .  As it  moves, 
the  l i thium w i l l  p r e c i p i t a t e  a t  vacancy si tes and produce an i n t r i n s i c  
area i n  and near the  junct ion.  Hence, the  i n i t i a l  d r i f t  rate of the 
l i thium i n  the  i r r a d i a t e d  s i l i con  w i l l  be i d e n t i c a l  t o  i t s  d r i f t  rate i n  
uni r rad ia ted  i n t r i n s i c  s i l i c o n .  
The i n i t i a l  rapid rise of the  
As t he  junct ion widens during the  d r i f t i n g  period, t he  l i thium 
advances i n t o  the  p-side of the  junct ion,  hence the  s lope of t he  curves 
shown i n  Figure 11 decreases and remains constant a t  a lower value than 
the uni r rad ia ted  sample. I n  t h i s  region the lithium-vacancy p r e c i p i t a t e  
. .  
51 
reduces the  e f f e c t i v e  n o b i l i t y  of lithium, and t h e  quant i ty  &(103/C) 
i s  measured t o  be used i n  t h e  determination of the l i th ium d i f fus ion  
d t  
c o e f f i c i e n t  . 
To subs t an t i a t e  t h a t  t h e  mobili ty of l i th ium i s  being reduced by 
lithium-vacancy p r e c i p i t a t i o n  i n  the  p material r a t h e r  than some phenom- 
ena caused by an i r r a d i a t e d  junction, t he  following annealing study was 
performed. 
Three junctions were bombarded with 2.2 x l O I 4  epithermal 
2 neutrons/cm . Two of the  samples were heated t o  400°C f o r  f i v e  minutes 
and t e n  minutes, respec t ive ly .  Afterwards, the  three  junctions w e r e  
d r i f t e d  a t  100°C under reverse  b i a s  (50 v o l t s )  simultaneously with an 
uni r rad ia ted  junction. Upon termination of d r i f t i n g ,  which w a s  con- 
tinued f o r  more than  ten hours, t h e  previously unheated i r r a d i a t e d  junc- 
t i o n  w a s  heated t o  400°C for five minutes and then r e d r i f t e d  a t  100°C 
with 50 v o l t s  reverse b i a s .  The r e s u l t s  are shown i n  Figure 12. Some 
annealing of the  vacancy defects was observed because the  slopes of 
curves C and B a r e  g r e a t e r  than t h e  slope of curve A; however, t h e  
s lopes  of these curves are far less than the  uni r rad ia ted  sample. 
Heating of t h e  i r r ad ia t ed  diodes d i f f u s e s  the  l i th ium deeper 
i n t o  the  c r y s t a l  c r ea t ing  a new junction. Because the  mobi l i ty  i s  
reduced i n  i r r a d i a t e d  samples with junctions c rea ted  a f t e r  i r r a d i a t i o n ,  
the  reduction must be due to  lithium-vacancy p rec ip i t a t ion .  
The r e l a t i v e  e f f e c t s  of f a s t  and slow neutrons on t h e  l i th ium 
d r i f t  rate is  shown i n  Figure 13. Sarnples A end B were irradiated wi th  
and without a cadmium wrap. No measurable d i f fe rence  i n  t h e  slopes of 
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Fig. 13.--Relative effect of thermal and epithermal neutrons on 
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the  two curves w a s  observed. Consequently, the  mobili ty of l i th ium i n  
s i l i c o n  appears t o  be dependent only on the  f a s t  neutron f l u x  and pos- 
s i b l y  high energy gamma rad ia t ion  present i n  t h e  r eac to r .  
I n  another study, junctions were exposed t o  e ighty  megarads of 
gammas and then d r i f t e d .  No observable change i n  the  performance 60 Co 
of t h e  diodes w a s  found, so it  appears t h a t  t h e  primary e f f e c t  on the  
diodes i r r a d i a t e d  i n  the  Ford Nuclear Reactor w a s  due t o  epithermal 
neutrons . 
2 For exposure t o  1 x l O I 5  neutrons/cm the  junction capacitance 
f e l l  t o  zero during i r r a d i a t i o n  and the  diode could not be d r i f t e d .  
During intermediate exposure (3 x 1014 t o  1 x 1015 neutrons/cm ) t he  2 
capacitance increased; however, t h i s  d i d  not appear t o  a f f e c t  t h e  
r e s u l t s  of t he  subsequent d r i f t .  Nevertheless, exposures i n  which the  
capacitance of t h e  junction increased were avoided, and were not used t o  
determine the  l i th ium mobili ty.  
I n  the  ca l cu la t ion  of the l i th ium mobili ty and d i f fus ion  coe f f i -  
c i e n t  the  assumption w a s  mzde tha t  the  e n t i r e  voltage placed across the 
diode w a s  applied across t h e  a c t u a l  junction. This w a s  v e r i f i e d  by 
using 
i n  which ( p )  denotes the  r e s i s t i v i t y  of t he  material = 100 ohm-cm, (R) 
i s  the  r e s i s t ance  of the sample, (A) is the  area of t h e  sample = 0.35 
c m  , and (d) represents  the thickness of t h e  sample = 0.15 cm. maximum. 2 
. .  
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Therefore, t he  maximum possible r e s i s t ance  of the  bulk material i n  the  
diode i s ,  from equation (51, 43 ohms. The cu r ren t  flowing through the  
diode under reverse b i a s  was, a t  most, a few milliamperes giving 0.08 as 
t h e  maximum voltage drop across the  bulk p region. This i s  neg l ig ib l e  
compared t o  the  reverse b ia s  of 100 v o l t s .  
The change i n  r e s i s t i v i t y  of the  p type material following 
A study by Cleland, e t  a1 
4 
neutron i r r a d i a t i o n  is a l s o  negl ig ib le .  
demonstrates t h a t  no appreciable change i n  conductivity ( G = 1/P ) 
occurs i n  p type s i l i c o n  when the f a s t  neutron f l u x  is  l e s s  than 1 x 
2 f a s t  neutrons/cm . The maximum dose given t o  any sample i n  t h i s  
2 work w a s  2.7 x neutrons/cm . 
The r e s u l t s  of t h e  neutrons i r r a d i a t i o n  are summarized i n  
Table 1 and Figure 14. A fu r the r  discussion of t h e  lithium-vacancy pre- 
c i p i t a t e  w i l l  be presented following the  in t roduct ion  of da ta  from elec- 
t ron  bombarded samples. 
C .  Lithium Mobili ty i n  Electron 
Bombarded S i l i con  
Typical r e s u l t s  f o r  l i thium d r i f t s  i n  e l ec t ron  bombarded diodes 
a r e  presented i n  Figures 15 and 16. Figure 15 i l l u s t r a t e s  the r e l a t i v e  
response of  t h e  e l ec t ron  bombarded samples with respect t o  an un i r r ad i -  
a t e d  sample, while Figure 16 i s  a representa t ive  p l o t  from which t h e  
s lope ,  d ( 1 0  /C) was measured. Summary of the  l i th ium d i f fus ion  coef- 
f i c i e n t  is  shown i n  Figure 17 and tabula ted  i n  Table 2. 
3 2  
d t  
The diodes could not be i r r a d i a t e d  i s o t r o p i c a l l y  because the  
5 
range of t he  0.9 MeV e lec t rons  i n  s i l i c o n  is  0.14 centimeters , 
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LITHIUM DIFFUSION COEFFICIENT I N  
NEUTRON IRRADIATED SILICON 
E x p o s u r e  Lithium T e m p e r a t u r e  Inverse 
# fast C o e f f i c i e n t  
D i f f u s i o n  T e m p e r a t u r e  
(OK) -1 n e u t / c m  cm2/ sec "C 
2.59 1 0 - l ~  65 2.96 
2.85 
100 2.68 
1.03 10-l~ 65 2.96 
7 8  2.85 
100 2.68 
1.53 x 140 2.42 
2.96 
7 8  2.85 
2.42 
14 
14 - 14 
14 - 13 
14 
14 - 14 
-13 14 
14 
- 15 14 
- 14 14 
14 - 12 
1.1 x 10 
1.1 x 10 7.23 x 10 7 8  
1.1 x 10 3.86 x 10 
2.4 x 10 
2.4 x 10 3.24 x 10 
1.61 x 10 2.4 x 10 
2.4 x 10 
2.7 x 10 
2.7 x 10 
2.7 x 10 1.09 x 10 140 
6.41 x 10 65 
2.42 x 10 
I * *  
I :  
B 
I 
I 
I 
I 
B 
I 
I 
B 
I 
I 
I 
I 
I 
I 
I 
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Fig.  14.--Effect  o f  fas t  neutron bombardment on the d i f fus ion  
coe f f i c i ent  of  l ithium i n  s i l i c o n .  
. .  
m 
4500 
N 
3000 
2500 
2000 
1500 
io00 
500 
0 
58 
I Incident elec /cm‘ 1 
/ O  
/ 
P 
/ 
/ 
/ 
/ 
/ 
d 
/ 
/ 
/ 
/ 
/ 
O/ 
/ 
/ 
/ 
/ 
A 
8 
F i g .  15.--(103/C)2 v e r s u s  d r i f t  t i m e  for electron bombarded 
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Fig .  17.--Effect of e lectron bombardment on the l ithium 
d i f fus ion  c o e f f i c i e n t  i n  s i l i c o n .  
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TABLE 2 
LITHIUM DIFFUSION COEFFICIENT I N  
ELECTRON BOMBARDED SILICON 
Elect ron Average Inverse 
Junction Coeff ic ien t  
Electron Relat ive 
Flux a t  I n t e n s i t y  Flux i n  Diffusion Temperature 
Diode Factor  
Surffce 
#/Clll # /cm 2 cm2/sec ( - 1  OK) 
15 
15 
5.0 x 10 
8.3 x 10 
1.17 x 10 
1.67 x 10 
2.5 x 10 
3.33 x 10 
5.0 x 10 
8.3 x 10 
1.17 x 10 
1.67 x 10 
2.5 x 10 
3.33 x 10 
16 
16 
16 
16 
15 
15 
16 
16 
16 
16 
15 
15 
5.0 x 10 
8.3 x 10 
1.17 x 10 
1.67 x 10 
2.5 x 10 
3.33 x 10 
16 
16 
16 
16 
0.93 
0.93 
0.93 
0.93 
0.93 
0.93 
0.92 
0.92 
0.92 
0.92 
0.93 
0.93 
0.90 
0.91 
0.91 
0.92 
0.93 
0.93 
15 
15 
16 
16 
16 
16 
15 
4.65 x 10 
7.73 x 10 
1.09 x 10 
1.55 x 10 
2.33 x 10 
3.10 x 10 
4.60 x 10 
7.64 x 
1.08 x 10 
1.53 x 10 
2.33 x 10 
3.10 x 10 
4.50 x 10 
7.55 x 10 
1.06 x 10 
1.53 x 10 
2.33 x 10 
3.10 x 
16 
16 
16 
16 
15 
15 
16 
16 
16 
1.0 10-14 3.3 
4.63 
1.94 
3.02 10-l~ 3.2 
2.33 
1.37 
1.15 
5.70 
1.71 x 10 -13 3.09~ 
9.60 
-15 11 7.0 x 10 
11 
11 - 15 3.24 x 10 
11 
11 - 15 1.32 x 10 
11 
11 
11 
11 
11 4.32 x 
- 13 I t  1.32 x 10 
11 
5.09 It 
2.39 11 
11 1.77 
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equivalent t o  the  sample thickness. 
on the  n-side the l i th ium d r i f t e d  i n t o  an a rea  of diminished e l ec t ron  
exposure. This e f f e c t  w a s  compensated by determining the  average depth 
of  the  l i th ium penet ra t ion  and then f ind ing  the  r e l a t i v e  i n t e n s i t y  fac- 
5 
t o r ,  (I/Io), from a range-energy curve. The relative i n t e n s i t y  f a c t o r  
i s  tabula ted  i n  Table 2, along with the  e l ec t ron  f l u x  inc ident  on t h e  
sur face  of t h e  sample, Io. The minimum r e l a t i v e  i n t e n s i t y  f a c t o r  w a s  
0.90 which corresponded t o  an average l i th ium penet ra t ion  of 0.015 
cent imeters .  
ana lys i s  of t he  lithium-vacancy p r e c i p i t a t e .  
Because t h e  diodes w e r e  bombarded 
The corrected e lec t ron  flux w i l l  be used i n  the  following 
D.  Analysis of t h e  Lithium-Vacancy 
P r e c i p i t a t e  
This s ec t ion  presents  evidence t h a t  t he  l i th ium is p rec ip i t a t ed  
a t  the  vacancy s i te  r a t h e r  than pa i r ing  wi th  t h e  vacancy. The prec ip i -  
ta te  behaves as an inso luble  s a l t  i n  s i l i c o n  and i s  i n  equilibrium with 
t h e  l i th ium ion  and the  icnized vacancy. 
A hypothe t ica l  lithium-vacancy p a i r  would have the  following 
d i s soc ia t ion  and equilibrium 
P/N 
[ 1 - P/N]* 
The quznt i ty  P/N can 
r e l a t ions  as developed i n  Chapter 11. 
+ D- f Li 
P 
NK - (7) 
be ca l cu la t ed  from experimentally de te r -  
mined values of t he  l i th ium di f fus ion  c o e f f i c i e n t .  
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I n  t h e  above equation (I)) represents t h e  d i f fus ion  c o e f f i c i e n t  i n  irra- 
d i a t ed  s i l i c o n  and (DO) denotes the d i f fus ion  c o e f f i c i e n t  i n  i n t r i n s i c  
s i l i c o n .  
'IN 2 i s  p l o t t e d  
versus (N) f o r  a constant temperature. Although the  number of vacancy 
si tes,  N, i s  unknown, it i s  equal t o  a constant times t h e  incident elec- 
t r o n  o r  neutron f lux .  
(1 - P/N) To evaluate equation (7), t he  quant i ty  
8 
N = 63% ( 9 )  
o r  
2 must be a l i n e a r  function 
P / N  
Because Kp is  a constant, 
(1 - P/N)  
of NE o r  NN. -* versus NE is  not a s t r a i g h t  l i ne ,  hence, 
constant and the  theory of pa i r ing  does not c o r r e c t l y  describe the  
As is  i l l u s t r a t e d  i n  Figure 18 and Table 3, a plot of 
ljEs i s  not a 
lithium-vacancy in t e rac t ion .  This r e s u l t  is confirmed by ca l cu la t ing  
the d is tance  of c l o s e s t  approach, (a), of t h e  hypothe t ica l  p a i r  from 
equation (11-40). 
(11-40) 
64 
0.9 MeV e tectrons 
30°C Data - 
P /N 2 versus NE. (1 - P/N) F i g .  18.--A plot  of 
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TABLE 3 
CALCUIATIONS FOR THE ION P&IR MIDEL: 
Temperature : 30 "C 
E lec t ron bombardef4sT le s 
"50 = 4.7 x 10' c m  /sec. 
Electron D/D P /N P /N 
t / c m  2 ( 1  - P/N) (1 - p / m 2  
- Flux rJ, 
0.213 0.787 17.4 15 4 .65  x 10 
15 
16 
7.73 x 10 
1.09 x 10 
1.55 x 
2.33 x 10 16 
0.149 
0.0985 
0.069 
0.0413 
0.851 
0.9014 
0.931 
0.9587 
38.3 
92.8 
195.1 
560.0 
1240.0 0.0281 0.9719 16 3.10 x 10 
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I 
I Assuming a r b i t r a r y  values of [E from one t o  t en ,  and using 
I 
t h e  da ta  f o r  the e l e c t r o n  i r r a d i a t e d  s i l i c o n  samples, ca l cu la t ions  wi th  
equation (11-40) produces values of (a) between 2.6 and 15 A. 
excessively la rge  va lues  ind ica te  t h a t  t h e  expressions f o r  ion  pa i r ing  
do not apply t o  the  lithium-vacancy in t e rac t ion .  
0 
These I 
I 
I 
In add i t ion  t o  t h e  simple model of ion pa i r ing  i n  which t h e  p a i r  
is  formed with one l i th ium and one vacancy, t he  following more complex 
d i s s o c i a t i o n  models w e r e  ca lcu la ted  and found unsa t i s fac tory :  
P 1.- 2Li+ + 2D- 
P 2Li' + D= 
I n  the  last model l i s t e d  above, each defec t  is  considered doubly 
ionized and p a i r s  wi th  l i th ium with two d i f f e r e n t  equilibrium constants.  
Considering t h e  lithium-vacancy p r e c i p i t a t e  as an inso luble  salt,  
as discussed i n  Chapter 11, the following expressions descr ibe  t h e  rela- 
t i onsh ip  between t h e  so lu t e  and t h e  l i th ium ions.  
s e Li+ + D- 
Th quant i ty  S/N 
67 
n be ca l cu la t ed  from experimentally de te r -  
mined values of t he  l i th ium di f fus ion  c o e f f i c i e n t .  
To determine whether or not l i th ium p r e c i p i t a t e s  a t  a vacancy 
As s i t e ,  (1 - S/N) versus 1 / N  is p lo t t ed  f o r  a constant temperature. 
noted previously, N = 6% o r  = t&. Because Ki is  a constant,  
(1 - S/N) must be a l i n e a r  function of l /NE o r  l / N N .  As i s  i l l u s t r a t e d  
i n  Figure 19 and Table 4, a p lo t  of (1 - S/N) versus 1/NE i s  a s t r a i g h t  
l i n e .  
vacancy site. 
It can then be concluded t h a t  t h e  l i th ium p r e c i p i t a t e s  a t  the  
Results from a l l  the neutron and e l e c t r o n  i r r a d i a t e d  samples are 
displayed i n  Figure 20. The lithium w a s  d r i f t e d  i n  t h e  e l e c t r o n  i r r a d i -  
a t ed  diodes i n  the  following sequence: The junc- 
t i o n  capacitances ranged from below 20 pf during t h e  50°C d r i f t  t o  above 
50 pf  during the  30°C d r i f t .  D i f f i cu l ty  i n  obtaining accura te  measure- 
ment of capacitances below 20 pf was  responsible f o r  the  s c a t t e r  i n  the  
d a t a  between 40°C and 50°C displayed i n  Figure 20. 
3OoC, 4 O o C ,  and 50°C. 
Quant i ta t ive  measurements cannot be made f o r  t h e  number of 
vacancies produced p e r  incident r ad ia t ion ;  however, t he  relative e f f e c t  
of neutron and e l e c t r o n  i r r a d i a t i o n  can be determined from t h e  amount of 
r a d i a t i o n  necessary t o  decrease t h e  l i th ium d i f fus ion  c o e f f i c i e n t  t o  the  
same value a t  a given temperature. From Figures 14 and 17 ,  i t  can be 
seen t h a t  a t  30°C (1/T = 3.3 x t he  d i f fus ion  c o e f f i c i e n t  i s  t h e  
same f o r  a dose of 1.1 x l O I 4  f a s t  neutrons o r  3 .3  x 10l6 e lec t rons .  
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Fig. 19.--A plo t  of (1 - S/N) versus l / N E .  
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TABLE 4 
CALX=ULATIONS FOR LITHIUM-VACANC PRECIPITATION: 
(1 - s/N) = I$/&$ 
Temperature : 30 O C  
Electron bombarded samples 
D ; ~  = 4.7 x 10-14 cm2/sec. 
E lec t ron 1 /NE D/D 
Flux 
f / c m  2 cm2/# (1 - s/N) 
21.5 0.213 15 4.65  x 10 
15 
16 
16 
7.73 x 10 
1.09 x 10 
1 .55  x 10 
12.9 
9 . 2  
- 17 6.5 x 10 
0.149 
0.0985 
0.069 
4 . 3  1 0 - l ~  0.0413 
3 . 2  1 0 - l ~  0.0281 
16 
16 
2 .33  x 10 
3.10 x 10 
a8 
0. 7 
0.6 
0.5 
( I-SIN) 
0. 4 
0.3 
0. 2 
0. I 
0 
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40°C eiec O--- 
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Fig. 20.--A plot of (1 - S/N) versus  NE or ~ / N N  for a l l  data. 
71 
16 
14 
= 3.3 x 10 
1.1 x 10 
- NE 
" 
- 
300 
The r a t i o  of t he  number of de fec t s  produced per  incident f a s t  
neutron, EN , t o  t he  number of defec ts  produced per incident 0.9 MeV 
e lec t ron ,  tE , i s ,  from rad ia t ion  damage theory,  
I n  equation (17), NN represents t he  number of defec ts  produced 
by f a s t  neutron i r r a d i a t i o n ,  QN 
denotes t h e  r eac to r  exposure time. 
of de fec t s  produced by 0.9 MeV e l ec t ron  bombardment, @E 
e lec t ron  f l u x ,  and tE is t h e  length of the  e l e c t r o n  bombardment. 
i s  the  f a s t  neutron f lux ,  and tN 
Simi lar ly ,  NE, represents  t he  number 
, i s  the  
The 
quant i ty  Nsi i s  the  number of s i l i c o n  atoms/cm 3 and G N  and GE 
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denote the  c ros s  sec t ion  f o r  displacement f o r  f a s t  neutrons and 0.9 MeV 
e l ec t rons  i n  s i l i c o n .  F ina l ly ,  vN i s  t h e  number of displacements 
produced i n  the  s i l i c o n  per neutron in t e rac t ion ,  and 
number of displacements produced i n  s i l i c o n  per  e l ec t ron  in te rac t ion .  
VE i s  the  
The f a s t  neutron displacement c ros s  sec t ion  has been experimen- 
6 
t a l l y  determined t o  be 1.7 barns, 
f o r  0.9 MeV e l ec t rons  can be calculated from the  expression below. 
and the  displacement c ros s  sec t ion  
7 
2 2 2  
H 1 2  0, = 4Tfa Z Z 
The nomenclature f o r  t h i s  r e l a t i o n  is  as follows: 
% i s  the  Bohr r ad ius .  
Z1 
Z2 
M1 
M2 
IH 
El 
Ed 
i s  t h e  charge of the e lec t ron  i n  u n i t s  
i s  t h e  charge of the  s i l i c o n  nucleus. 
i s  the  m a s s  of t h e  e lec t ron .  
i s  the  m a s s  of t he  s i l i c o n  atom. 
i s  the  ion iza t ion  energy of hydrogen. 
is the  energy of the incident e l ec t ron  
is  the  displacement energy i n  s i l i c o n .  
of (1.6 caul.). 
The quant i ty  ca lcu la ted  from equation (18) f o r  0.9 MeV 
e l ec t rons  i n  s i l i c o n  i s  11.2 barns. 
The number of displacements produced i n  s i l i c o n  per neutron 
8 
i n t e r a c t i o n  can be ca l cu la t ed  from t h e  expressions, 
. .  73 
- 
I n  t h e  above expressions, T 
s i l i c o n  atom, and A i s  t h e  atomic mass of s i l i c o n .  
f o r  % and Tm are 1660 and 83 KeV, respec t ive ly .  
i s  t he  mean energy of the  primary knock-on 
m 
Calculated values 
8 
Fina l ly ,  & can be determined from t h e  r e l a t i o n ,  
- 
For e l ec t rons ,  Tm is ,  
- 
= 2f E: + 2M:c2 I El 
Tm 9 
M2cL 
Using equations (20) and (21), ca lcu la t ions  show t h a t  
T, = 125 ev f o r  0.9 MeV e lec t rons  i n  s i l i c o n .  
VE = 1.2 and 
- 
I n s e r t i n g  the  values calculated from expressions (18) t o  (21) 
i n t o  equation (17), t he  ratio f/cE can be determined. 
[N/CE = G k h  ~ vE = 1.7 x 1660 = 210 
11.2 x 1.2 
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This quantity, based on radiation damage theory, i s  i n  reason- 
able agreement with experiment. Compare equation (22) t o  equation (16) .  
* .  
CHAPTER V 
coNcLusIoNs 
Inves t iga t ions  reported i n  this study ind ica t e  t h a t  t h e  mobili ty 
and d i f fus ion  p rope r t i e s  of l i thium i n  s i n g l e  c r y s t a l  s i l i c o n  are c r i t i -  
c a l l y  dependent on t h e  number of r a d i a t i o n  induced vacancies. Moreover, 
t h e  l i th ium i s  p r e c i p i t a t e d  at  defec t  sites r a t h e r  than  becoming pa i red  
t o  vacancies. Lithium p r e c i p i t a t e  is  atomic; however, a pai red  l i th ium 
i s  an  ion. 
The mobili ty of lithium in i r r a d i a t e d  s i l i c o n  was d r a s t i c a l l y  
reduced because of t h e  p rec ip i t a t ion  of the  l i th ium at  i m o b i l e  vacancy 
sites. The e f f e c t i v e  l i th ium di f fus ion  c o e f f i c i e n t s  i n  i r r a d i a t e d  s i l i -  
con are shown i n  Table 5. 
The d i f fus ion  coe f f i c i en t  i n  i r r a d i a t e d  s i l i c o n  i s  inverse ly  
propor t iona l  t o  t h e  dose. The d i f fus ion  c o e f f i c i e n t  i n  boron doped 
s i l i c o n  i s  dependent on (Ng) due t o  t h e  formation of ion p a i r s .  
Table 5 reveals t h a t  (D) i s  more temperature dependent ( l a r g e r  negative 
exponential coe f f i c i en t s )  i n  i r r ad ia t ed  and boron doped s i l i c o n  than i n  
i n t r i n s i c  s i l i c o n .  T h i s  can be explained as follows: Lithium di f fused  
i n t o  i n t r i n s i c  s i l i c o n  forms no p a i r s  and does not p r e c i p i t a t e  so the  
amount f r e e  t o  move i s  constant. Lithium di f fused  i n t o  i r r a d i a t e d  o r  
boron doped s i l i c o n  forms pa i r s  and p r e c i p i t a t e s ,  hence, the  amount of 
1 
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TABLE 5 
LITHIUM DIFFUSION COEFFICIENTS I N  IRRADIATED SILICON 
> 
Type of D Dose Boron Temp. 
S i l i c o n  Conc Range 
cm2Isec #/cm2 # / C 3  OK 
2 I n t  r i n s  i c  
1 
Boron Doped 
Fas t  Neutron 
I r rad ia ted*  
E l ec  t ron 
I r r ad ia t ed  
(0.9 MeV) 
-3 -0.66/kT 2.3 x 10 e 
300-400 
8 4.80/kT -- lX10l4 27 5-333 
to17 
3.0 x 10 e -
1x10 N: 
7.0 x 10 12 e -0.83/kT lX10l4 be low 300-410 
14 1x10 to14 3x10 " 
o1 8 e-l .03/kT 1x10 16 be low 300-330 
2.1 x 1 
14 1x10 to18 NE 2x10 
* Thermal neutron i r r a d i a t i o n  does not a l t e r  the  d i f fus ion  prop- 
e r t i e s  of l i thium i n  s i l i c o n .  
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l i t h ium ions free t o  move is equilibrium with t h e  p a i r s  o r  p r e c i p i t a t e .  
The equilibrium concentrations are temperature dependent, consequently, 
t h e  d i f fus ion  c o e f f i c i e n t  in  s i l i c o n  where p a i r s  o r  p r e c i p i t a t e s  are 
present has increased temperature dependence. 
The effective l i th ium d i f fus ion  c o e f f i c i e n t  f o r  e l ec t ron  bom- 
barded s i l i c o n  has g r e a t e r  temperature dependence than neutron i r r a d i -  
a t ed  c r y s t a l s .  This  can be explained i n  t h e  following manner. Wertheim 
has shown t h a t  i n  e l ec t ron  i r r a d i a t e d  s i l i c o n  the  i n t e r s t i t i a l  w i l l  not 
be driven more than a few atomic d is tances  away from i ts  parent vacancy 
during a primary c o l l i s i o n  f o r  most energy t r a n s f e r s .  The l i th ium ion  
experiences a d ipole  e f f e c t  and t h e  l i th ium p r e c i p i t a t e  i s  under t h e  
inf luence  of the nearby i n t e r s t i t i a l ,  consequently, i ts  i n t e r a c t i o n  
s t r eng th  may be weakened. 
less s t a b l e ,  hence t h e  e f f ec t ive  l i t h ium d i f fus ion  coe f f i c i en t  w i l l  have 
a g r e a t e r  temperature dependence. This phenomena does not occur with 
neutron i r r a d i a t e d  samples because t h e  i n t e r s t i t i a l s  are driven f a r  from 
t h e  vacancies. Clus te r ing  occurs; however, t he  average d is tance  between 
t h e  i n t e r s t i t i a l  and the  vacancy w i l l  be l a rge  compared t o  the  separa- 
t i o n  of t he  Frenkel p a i r  created by e l e c t r o n  bombardment. 
3 
I f  t h i s  is  the  case, the  p r e c i p i t a t e  w i l l  be 
The d r i f t i n g  c h a r a c t e r i s t i c s  of l i t h ium i n  i r r a d i a t e d  diodes w a s  
d r a s t i c a l l y  a l t e r e d .  Evidence that t h e  l i th ium moved during i r r a d i a t i o n  
w a s  displayed by the  la rge  i n i t i a l  slope of t h e  d r i f t  curves.  
t he  rate of decrease of the  junction capacitance is  the  s a m e  f o r  i r r a d i -  
ated as it is  €or i n t r i n s i c  s i l i c o n .  This ind ica ted  t h a t  t he  l i th ium 
p r e c i p i t a t e d  a t  t h e  vacancies i n  t he  junc t ion  region produced an 
I n i t i a l l y ,  
.. 
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i n t r i n s i c  zone. However, as t he  l i th ium d r i f t s  out of t he  junction, i t s  
mobi l i ty  i s  governed by t h e  number of defec ts  produced i n  t h e  bulk s i l i -  
con, and the  s lope  of t he  d r i f t  curve decreased t o  a constant but lower 
value. The a c t i o n  described above occurs with both e l ec t ron  and neutron 
i r r a d i a t e d  diodes. 
enced by diodes i r r a d i a t e d  w i t h  Co60 gauunas. 
No change i n  the  d r i f t  characteristics w a s  experi- 
An annealing study eliminated t h e  p o s s i b i l i t y  t h a t  t he  change i n  
t h e  e f f e c t i v e  mobili ty of l i t h i u m  w a s  caused by an anomalous junc t ion  
e f f e c t .  Reheating t h e  diodes a f t e r  i r r a d i a t i o n  caused the  l i th ium t o  
move f a r t h e r  i n t o  the  c r y s t a l  thereby e s t ab l i sh ing  a new junction. 
Because the d r i f t i n g  proper t ies  of t h e  newly formed junc t ion  were iden- 
t ical  t o  unheated diodes, t h e  cause of  t he  a l t e r e d  d r i f t  c h a r a c t e r i s t i c s  
was  ascribed t o  de fec t s  produced i n  t h e  bulk region of t he  c r y s t a l .  
The r e s u l t s  of conductivity measurements ind ica ted  t h a t  t he  
i r r a d i a t i o n  does not a l ter  t h e  r e s i s t i v i t y  of t he  bulk s i l i c o n  s u f f i -  
c i e n t l y  t o  a f f e c t  the d r i f t  measurements. 
The measurement of t h e  l i th ium mobili ty in i r r a d i a t e d  s i l i c o n  
does not o f f e r  quan t i t a t ive  information about the  number of de fec t s  pro- 
duced per  inc ident ,  f a s t  neutron o r  e lec t ron .  The information provided 
by these  measurements does, however, allow a r e l a t i v e  measure of t he  
vacancies produced by f a s t  neutrons and e lec t rons .  
vacancies produced per  incident f a s t  neutron divided by the  number of 
vacancies produced p e r  incident 0.9 MeV e l e c t r o n  w a s  found t o  be 300. 
This is  i n  reasonable agreement with a value of 210 ca l cu la t ed  employ- 
ing r a d i a t i o n  damage theory. 
The number of 
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The primary purpose of t h i s  study w a s  t o  i nves t iga t e  the  motion 
of l i th ium i n  i r r a d i a t e d  s i l i con .  However, it has some p r a c t i c a l  
s ign i f icance  . 
The widely used l i thium d r i f t  de t ec to r s  are slowly damaged by 
t h e  same r a d i a t i o n  they a re  employed t o  de tec t .  The constant bombard- 
ment of e l ec t rons  and neutrons i n  the  de t ec to r s  produce defec ts  i n  t h e  
space charge region and the  subsequent rearrangement of l i th ium reduces 
t h e  de t ec to r  reso lu t ion .  Because of t he  s t a b i l i t y  of the  l i thium- 
vacancy p r e c i p i t a t e ,  t h e  sens i t i ve  junction area can be r e  jwena ted  by 
r e d r i f t i n g  the  damaged detectors.  
4 
It w a s  thought t h a t  during the  r e d r i f t  process the  de fec t s  
annealed. 
fo re ,  annealing of de fec t s  during r e d r i f t  a t  1 5 O O C  is  unlikely.  
s tudy  shows that, during t h e  r e d r i f t  of damaged de tec tors ,  l i th ium pre- 
cipitates a t  vacancy sites crea t ing  n e u t r a l  complexes which are s t a b l e  
and do not d i s t u r b  t h e  space charge region. 
S i l i c o n  de fec t s  do not anneal appreciably below 200°C ; there-  
This 
The l i thium mobili ty i s  reduced i n  t h e  r e d r i f t e d  junction. This 
may cause t h e  r e d r i f t e d  detector t o  be more s t a b l e  and less suscept ib le  
t o  r a d i a t i o n  damage than a new de tec to r  because the  rearrangement of the  
l i th ium takes  place at a slower r a t e .  
create many o the r  r a d i a t i o n  r e s i s t a n t  semiconductor devices by employing 
i r r a d i a t e d  s i l i c o n  and l i thium. 
I n  f a c t ,  it may be poss ib le  t o  
8 
8 
.. 
APPENDIX A 
QUANTITATIVE DESCRIPTION OF THE SEMICONDUCTOR 
WATER ANALOGY' 
The equilibrium re l a t ion  f o r  the  hydrolysis of w a t e r  is, 
( 1) 
2 
[H+] [OH-] = K = (mole/liter) 
For pure w a t e r  [H+] equals [OH-], 
-7 
[H+] = [OH-] = 10 (moles/ l i ter)  
Because one mole equals 6.03 x ions, equation (2) i s  
[H+] = 6.03 x 10 l3 ( i o n s / l i t e r )  ( 3) 
The enthalpy change, A H ,  f o r  the hydrolysis i s  13,300 Kcall 
mole a t  300'K. 
using the conversion f ac to r  one ev/molecule = 23.05 Kcal/mole. 
f o r  t he  hydrolysis is, 
This quant i ty  can be expressed i n  terms of ev/ion by 
So AH 
- AH = 0.58 ev/ion 
NO 
(4) 
For pure s i l i c o n  the  corresponding equilibrium r e l a t i o n  f o r  e lec t ron-  
hole recombination and generation is  
2 
[e+] [e'] = K = 1.4 x ( e l e c / l i t e r )  
o r  
80 
' 1  
* *  
. 
or 
The enthalpy change A H  per electron or hole i s  equal to the 
band gap, 1.1 ev. In terms of Kcal/mle th is  is, 
- AH = 25.2 Kcal/mole 
NO 
The values calculated above are presented in  Table 6 with values 
for germanium and water. 
I .. 
1 :  
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I 
I 
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I 
I 
I 
I 
1 
I 
8 
I 
I 
II 
1 
II 
1 
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TABLE 6 
COMPARISON OF SILICON AND GERMANIUM TO WATER 
S i l i con  Germanium Water 
Pos i t i ve  ion o r  hole 1 e+] [e+] [&I 
Negative ion o r  e l ec t ron  [e-] [e'] [OH-] 
Ion product (moles/liter) 4 ~ 1 0 ' ~ ~  2. ~ ~ 1 0 - 1 5  iX 10 - 14 
Concentration of ion  
o r  ho le  i n  pure material 2x1o-l1 4 . 7 ~ 1 0 - ~  1x1~-7 
Acid condition 
Basic condition 
Hc2H302 P-tYPe P-t YPe 
boron doped boron doped 
n-type n-type NH40H 
phosphorus phosphorus 
doped doped 
A H  (Kcal/mole) 25.2 16.6 13.3 
AH (ev/ion) 1.1 0.72 0.58 
€ ,  d i e l e c t r i c  constant 12 16 80 
APPENDIX B 
SAMPLe CALCULATIONS 
Equation (11-83) gives t h e  l i thium mobili ty i n  terms of the  
s lope of t he  d r i f t  curve, & ( I O ~ / C ) ~ .  
d t  
Z =: 
- K€  
- d (103/q2  = 
d t  - DO 
- X 
0 
p = X[ x - Z/W~ 1 
2v dt 
junct ion capacitance ( p f )  
2Doto/x, (cm/sec) 
reverse  b i a s  (volts)  
average width of junct ion expressed i n  u n i t s  of 10 /C 
K A x lo3 = 1.062A x A i n  c m  
1.062 x 10-l' coul /n-m 
slope of d r i f t  curve l /p f  
l i thium di f fus ion  coe f f i c i en t  i n  s i l i c o n  a t  420°C 
d i f fus ion  t i m e  
dis tance from surface of c r y s t a l  t o  junction. This i s  the  
point  where NLi = NB as shown i n  Figure 3. 
3 
2 
2 2  
2 2 - sec 
The dis tance from t h e  surface of t he  c r y s t a l  t o  the junction, 
x 
found from equation (11-59)¶ 
must be ca lcu la ted  i n  order t o  f ind  Z. The quant i ty  (x,) can be 
0 9  
NLi 
1 
= No erfc [ x/2(Doto)"] 
83 
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by applying the expansion 
2 
-X /4D0t0  1 - 2 ( D n t 2 '  No e 
=w NLi ( 4 )  
I n  the above equation, No i s  the number of l i thium atoms per  cm 3 
a t  the  surface of the  c r y s t a l .  A t  xo, NLi = NB. 
2 AJE ,J* - e -xo/4Doto  
2 (D0t0 ) "  No 
The logarithm of equation (5) is 
112 
Let J be the  quant i ty ,  xo/2(D0t0) 
For 100 ohm-cm s i l i c o n  NB = 1.6 x 1014 boron atoms/cm 3 and No is  
equal  t o  1 x 10l8 l i th ium a t ~ m s / c m ~ . ~  T r i a l  and e r r o r  so lu t ion  of equa- 
t i o n  (7) with the  above values  for NB and NLi y i e lds  a value of 2.60 
f o r  J .  
The quant i ty ,  (Z) ,  i s  
1 
Z = 2Doto/xo = (D,t,)"/J 
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2 
For Do equal  t o  0.405 x lom7 cm2/sec at  42OoC, and to equal t o  four  
minutes, ( 2 )  i s  1.58 x cm/sec. 
A sample ca lcu la t ion  can now be performed with equation (11-83) 
using the  da ta  from diode b173A (see Figure 16). 
2 1) A r e a  i n  c m  A, 0.3385 
2) X = 1.062 x x 0.3385 = 0.3595 x 
3) Slope of d r i f t  curve (Figure 16) = 1.056 x sec” 
4 )  Average W = Wave = WA (between 300 and 700 hours) = (103/C) 2 
a t  500 hours = 17.03 
5) Z/WA 1.58 x 10’3/17.03 = 0.93 x 
6) Reverse bias,  V = 100 v o l t s  
- 3.595(3.595 - 0.930) x x 1.056 x 
2 x 102 P -  
2 = 5.05 x cm /vol t -sec.  
The d i f fus ion  coef f ic ien t  i s  found from the  Eins te in  r e l a t ion ,  
For diode #173A d r i f t e d  a t  30°C, 
2 D = 5.05 x 10e4(1.38 x 10-23)(3.03 x 10 ) 
1 .6  10-19 
2 D = 1.32 x c m  /sec. 
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